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Environmental effects of ozone depletion and its interactions with
climate change:

2010 assessment

Introduction

This quadrennial Assessment was prepared by the Environmental Effects Assessment Panel
(EEAP) for the Parties to the Montreal Protocol. The Assessment reports on key findings on
environment and health since the last full Assessment of 2006, paying attention to the
interactions between ozone depletion and climate change. Simultaneous publication of the
Assessment in the scientific literature aims to inform the scientific community how their data,
modeling and interpretations are playing a role in information dissemination to the Parties to the
Montreal Protocol, other policymakers and scientists.

The 2010 Assessment will be published in the journal, Photochemical & Photobiological
Sciences, 10, 2011.

Janet F. Bornman
Nigel Paul,
Xiaoyan Tang

Co-Chairs of the Environmental Effects Assessment Panel

#ﬁ{" = \ United Nations Environment Programme
1, \ PO Box 30552
\/ Nairobi, Kenya
\‘!L' ' V http://www.unep.org/ozone
-..-;1-{--.. http://www.unep.ch/ozone

UNEP

Acknowledgments:
This assessment would not have been possible without the contributions of the following
reviewers (in alphabetical order) all of whom made written and/or verbal comments on the
content of the Chapters in this assessment. We thank them for their generous contribution of
time and knowledge:

Dr Pedro J. Aphalo; Dr Amy T. Austin; Dr Germar Bernhard; Dr Marianne Berwick; Prof.
Wolfgang Bilger; Dr Natalia Chubarova; Dr Thomas P. Coohill; Dr Sandra L. Cooke; Dr Susana
Diaz; Prof. Brian Diffey; Prof. Nils Ekelund; Dr Auroop R. Ganguly; Dr Kunshan Gao; Dr W.D.
Grant; Dr R. Elizabeth M. Griffin; Prof. Michaela Hegglin; Prof. Dag Hessen; Dr Rainer
Hofmann; Dr Marcel A. K. Jansen; Prof. Jennifer Y. King; Dr Margaret Kripke; Prof. G.
Kulandaivelu; Dr Shaoshan Li; Prof. Lawrence E. Licht; Mr. B. Liley; Dr Kevin K. Newsham;
Dr Madan Pal; Dr Barrie M. Peake; Dr Norma D. Searle; Prof. Giinther Seckmeyer; Dr Anna
Maria Siani; Dr Rajeshwar Sinha; Dr Harry Slaper; Prof. Ruben Sommaruga; Dr J. Richard
Soulen; Dr Johannes Stratmann; Dr Ake Strid; Prof. Hugh R. Taylor; Dr Anssi Vihitalo; Dr
John Wargent; Dr Ann R. Webb; Prof. Huixiang Xie

The Environmental Effects Assessment Panel Report for 2010 \%



Vi

The Environmental Effects Assessment Panel Report for 2010



Table of Contents

Abbreviations and GIOSSATY .............c.cooiiiiiiiiiiiiiiiieeie et et viii
EXeCutive SUIMIMATY ......ccocuiiiiiiiiiiiiiiie ettt ettt ettt e st e et e e e steeeaaeesnseesaneenn XV
Chapter 1. Ozone depletion and climate change: Impacts on UV radiation.......................... 1

Chapter 2. The human health effects of ozone depletion and in-teractions with climate
CRAIEE ...ttt e e et e e e ettt e e e et eeeenataeeeeentaeeeennnes 30

Chapter 3. Effects of solar ultraviolet radiation on terrestrial ecosystems. Patterns,
mechanisms, and interactions with climate change........................c.cccooiiiiiinin. &3

Chapter 4. Effects of UV radiation on aquatic ecosystems and in-teractions with
climate CRANGE. ..........cooiiii e 113

Chapter 5. Effects of solar UV radiation and climate change on biogeochemical
cycling: Interactions and feedbacks..................coooiiiiiiiiiiini 151

Chapter 6. Changes in air quality and tropospheric composition due to depletion of
stratospheric ozone and interactions with climate. ......................ccocooiiiniiii e, 187

Chapter 7. Effects of solar UV and climate change on materials..................................... 211

Members of the 2010 Environmental Effects Assessment Panel and UNEP
FEPTESEMEALIVES ..ottt et e et e et e e st e e s taeesstaeessseeesnseeesseeenseeennees 229

Reviewers of the 2010 UNEP Environmental Effects Assessment Report ......................... 233

Appendix 2-1: Health risks associated with the use of substitutes for ozone depleting
SUDSEATICES .....oiiiniiiiiiiii ettt et e st s e e st e e st e st e e st e e et e esnneeeaaee A-1

Questions and Answers about the Environmental Effects of the Ozone Layer
Depletion and Climate Change: 2010 Update...............ccoooiveiiiieniiieeniieeiie e Q&A-1

The Environmental Effects Assessment Panel Report for 2010 vii



Abbreviations and Glossary

Abbreviation Complete term

1,25(0OH)2D 1,25-dihydroxyvitamin D

25(OH)D 25-hydroxyvitamin D

AK Actinic keratosis

AO Arctic Oscillation. A large-scale variation in Arctic wind patterns

AOD Aerosol optical depth

APase Alkaline phosphatase

APC Antigen presenting cell

ASL Above sea level

BCC Basal cell carcinoma(s)

Br Bromine (an ozone depleting chemical)

BrO Bromine monoxide

BSWF Biological spectral weighting functions

BWF Biological weighting function

CAS Chemical Abstracts Service

CAT Catalase

CC Cortical cataract(s)

CCM Chemistry-climate model (used to predict future changes in atmospheric
composition)

CDFA Chlorodifluoroacetic acid

CDK Climatic droplet keratopathy

CDOC Coloured dissolved organic carbon

CDOM Coloured (or chromophoric) dissolved organic matter

CFC Chlorofluorocarbon. Ozone depleting substance (e.g., CFCI; radical and
dichlorodifluoromethane or Freon-12 (CCl,F;)), now controlled under the
Montreal Protocol

CH Contact hypersensitivity

CH4 Methane (a greenhouse gas)
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Abbreviation

Complete term

CIE

Cl
CM
Cco
CO;
COS
CPD
Cu
DIC
DMS
DMSP
DNA
DOC
DOM
DON
DSB
DTH
DU

EAE
EDUCE
EESC

ENSO

EP
EPA

Commission Internationale de 1'Eclairage (International Commission on
[Nlumination)

Chlorine (an ozone depleting substance)
Cutaneous melanoma

Carbon monoxide

Carbon dioxide (a greenhouse gas)
carbonyl sulfide

Cyclobutane pyrimidine dimer

Copper (Cu(I) and Cu(Il) being different oxidation states)
Dissolved inorganic carbon
Dimethylsulfide
Dimethylsulfoniopropionate
Deoxyribonucleic acid

Dissolved organic carbon

Dissolved organic matter

Dissolved organic nitrogen

Double strand break

Delayed type hypersensitivity

Dobson unit (used for the measurement of total column ozone (1 DU=2.69 x
10'® molecule cm™)

Experimental allergic encephalitis
European Database for Ultraviolet Radiation Climatology and Evaluation

Equivalent Effective Stratospheric Chlorine. A term used to represent the
total chlorine concentration in the stratosphere from all sources of ozone
depleting substances (including CFCs, HCI, Cl,, CIONO,, etc) and a scaled
contribution from other halocarbons and bromine, taking its ODP into
account

El Nifio Southern Oscillation. A large-scale climate variability in the Pacific
region

Earth Probe (a NASA satellite)

US Environmental Protection Agency
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Abbreviation

Complete term

EV Epidermodysplasia verruciformis

Fe Iron (Fe(I) and Fe(III) being different oxidation states)

FMI Finnish Meteorological Institute

GHG Greenhouse gas

Glul A pathogenesis-related (PR) protein

GST Glutathione-S-transferase

GWP Global warming potential. A measure of the warming effectiveness of a gas
compared with CO,

HALS Hindered Amine Light Stabilizer

HCFC Hydrochlorofluorocarbon. Interim replacements for CFCs with small ozone
depletion potential (e.g., R22: chlorodifluoromethane CHCIF;) to be phased
out

HFC Hydrofluorocarbon. Long-term replacements for CFCs

HFO Hydrofluoro-olefine

Hg Mercury (Hg0aq and Hg(II) being different oxidation states)

HIV Human immunodeficiency virus

HPV Human papillomavirus

HSV Herpes simplex virus

HYS Transcription factor HY'S, which is a key downstream effector of the UVRS
(UV-regulatory protein) pathway

IBD Inflammatory bowel disease

IL Interleukin

Ink4a Murine inhibitor of kinase 4a protein (gene in italics)

IPCC Intergovernmental Panel on Climate Change

IPF Immune protection factor

kda Kilodalton

KNMI Dutch National Institute for Weather, Climate and Seismology (Netherlands)

Le Lipid radical

MAAs Mycosporine-like amino acids

Mb Megabase, equal to 1 million base pairs
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Abbreviation

Complete term

MCIR
MHC
MS
N,O
NAO

NASA
NaTFA
NC
NCAR
NH
NIMBUS-7
NIVR
NMHCs
NMSC
NO
NO;
NOAA
NOEC
NOx

0O;

OCS
ODP

ODS

OMI
OTR

Melanocortin 1 receptor

Major histocompatibility complex

Multiple sclerosis

Nitrous oxide (a greenhouse gas that is also a source of NO,)

North Atlantic Oscillation. A large-scale variation and redistribution of
atmospheric mass in the Atlantic region producing large changes in the
Northern hemisphere dynamics.

National Aeronautic and Space Administration (USA).
Sodium trifluoroacetate

Nuclear cataract(s)

National Centre for Atmospheric Research, USA
Northern Hemisphere

A NASA satellite

Netherlands Agency for Aerospace Programmes
Non-methane hydrocarbons

Non-melanoma skin cancer

Nitric oxide (an ozone depleting gas)

Nitrogen dioxide (an ozone depleting gas)

National Oceanic and Atmospheric Administration, USA
No observed effect concentration

Nitrogen oxides

Ozone

Carbonyl sulfide

Ozone depletion potential. The ratio of the impact on ozone of a chemical

compared to the impact of a similar mass of CFC-11. Thus, the ODP of CFC-

11 is defined to be 1.0

Ozone depleting substance(s) (e.g., CFCs)

Hydroxyl radical (and important atmospheric cleaning agent)
Ozone Monitoring Instrument (on board the Aura satellite)

Organ transplant recipients
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Abbreviation

Complete term

P
PAH
PAM
PAR
PAUR II
pCO,
PEC
PER
Pg
PHRI1
PNEC
POC
POM
PR
PSC
PSC

PSI
PSII
Ptc
PTCH
QBO

RA

Radiative
Forcing

Phosphorous

Polycyclic Aromatic Hydrocarbon(s)

Pulse amplitude modulated (fluorescence)
Photosynthetically Active Radiation, 400-700 nm waveband
Photochemical Activity and solar Ultraviolet Radiation campaign 2
Partial pressure of carbon dioxide

Predicted environmental concentration

Photoenzymatic repair

Peta gram (lxlO12 grams)

The gene encoding CPD photolyase

Predicted no effect concentration

Particulate organic carbon

Particulate organic matter

Pathogenesis-related proteins

Posterior subcapsular cataract(s)

Polar stratospheric cloud (ice crystals which form at high altitudes in Polar
regions when the temperature is below a critical threshold)

Photosystem I
Photosystem II
Murine patch protein (gene in italics)
Human patch protein (gene in italics)

Quasi biennial oscillation (a shift in wind patterns - especially over the
tropics - with a period of approximately 2.2 years)

Rheumatoid arthritis

A measure of the influence a factor (e.g., GHGs, ice albedo, tropospheric
aerosols, etc.) has in altering the balance of incoming solar and outgoing
infrared irradiance (Wm™) in the troposphere. It is an index of the importance
of the factor as a potential climate change mechanism. Radiative forcing is
approximately proportional to temperature changes at Earth’s surface, so a
positive radiative forcing is associated with heating in the troposphere.

Radiation amplification factor (a measure of sensitivity to ozone change)
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Abbreviation

Complete term

ROS
RT
SAGE
SCC
SH
SOD
SZA

TFA

Thl

Th2

TOMS

Treg cell
Troposphere
UCA

UNEP

uv

UV-A

UV-B

UV-C

UVEry

UVI

UVRS8

Reactive oxygen species (-OH for example)

Radiative transfer

Stratospheric Aerosol and Gas Experiment, a satellite-based instrument
Squamous cell carcinoma

Southern hemisphere

Superoxide dismutase

Solar zenith angle is the angle of the sun away from the vertical; at noon, it
represents the highest point that the sun reaches.

Trifluoroacetic acid

T-helper 1

T-helper 2

Total Ozone Mapping Spectrometer, a satellite-based instrument
T-regulatory cell

Lowest part of the earth's atmosphere (0-16 km)

Urocanic acid

United Nations Environment Programme

Ultraviolet. Wavelengths from 100 nm to 400 nm. Ozone and other
atmospheric gases progressively absorb more and more of the radiation at
wavelengths less than 320 nm. Only those greater than 290 nm are
transmitted to the Earth's surface

Electromagnetic radiation of wavelengths in the 315 to 400 nm range
(weakly absorbed by ozone)

Electromagnetic radiation of wavelengths in the 280 to 315 nm range
(strongly absorbed by ozone)

Electromagnetic radiation of wavelengths in the 100 to 280 nm range (solar
UV-C is not transmitted to Earth’s surface)

Erythemally-weighted UV irradiance, where the irradiance is weighted by the
erythemal action spectrum

UV index. A measure of erythemally-weighted UV for providing information
to the public. UVI values greater than 10 are considered “extreme” by the
WHO. If UV-Ery is specified in units of Wm™, then UVI = 40 x UV-Ery)

UV-regulatory protein
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Abbreviation Complete term

VDR Vitamin D receptor

VOC Volatile organic compound (s)
WMO World Meteorological Organization
WOUDC World Ozone and UV Data Centre
XP Xeroderma pigmentosum
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Environmental Effects of Ozone Depletion: 2010 Assessment
Interactions of Ozone Depletion and Climate Change

Executive Summary

Ozone Depletion and Climate Change

There are strong interactions between ozone depletion and changes in climate induced
by increasing greenhouse gases (GHGs). Ozone depletion affects climate, and climate
change affects ozone. The successful implementation of the Montreal Protocol has had a
marked effect on climate change. Calculations show that the phase-out of
chlorofluorocarbons (CFCs) reduced Earth’s warming effect (i.e., radiative forcing) far more
than the measures taken under the Kyoto protocol for the reduction of GHGs. The amount of
stratospheric ozone can be affected by the increases in the concentration of GHGs, which
lead to decreased temperatures in the stratosphere and accelerated circulation patterns,
which tend to decrease total ozone in the tropics and increase total ozone at mid and high
latitudes. Changes in circulation induced by changes in ozone can also affect patterns of
surface wind and rainfall.

The Montreal Protocol is working, but it will take several decades for ozone to return
to 1980 levels. The concentrations of ozone depleting substances have been decreasing after
reaching a peak in the 1990s, and ozone column amounts are no longer decreasing. Mid-
latitude ozone is expected to return to 1980 levels before mid-century, which is earlier than
predicted previously. However, the recovery rate will be slower at high latitudes. Springtime
ozone depletion is expected to continue to occur at polar latitudes, especially in Antarctica in
the next few decades.

Because of the success of the Montreal Protocol in controlling ozone depletion,
increases in UV-B radiation have been small outside regions affected by the Antarctic
ozone hole, and have been difficult to detect. There is a large variability in UV-B
radiation due to factors other than ozone, such as clouds and aerosols. There are few long-
term measurements available to confirm the increases that would have occurred as a result
of ozone depletion. At mid-latitudes, UV-B irradiances are currently up to 5% greater than
in 1980, but increases have been substantial at high and polar latitudes where ozone
depletion has been larger. Despite the low solar elevations in Antarctica, UV-B radiation
doses in late spring during the ozone hole period can be sufficient to induce sunburn, and are
about twice as great as those that would have occurred prior to the onset of ozone depletion.
Unfortunately, no measurements were available prior to the onset of the ozone hole to
confirm this change.

Without the Montreal Protocol, peak values of sunburning UV radiation could have
tripled by 2065 at mid-northern latitudes. This would have had serious consequences for
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the environment and for human health. This contrasts sharply with the current situation,
where clear-sky UV is only slightly greater than that prior to the onset of ozone depletion,
and is expected to decrease in the decades ahead at mid- to high latitudes.

The projected changes in ozone and clouds may lead to large decreases in UV at high
latitudes, where UV is already low; and to small increases at low latitudes, where it is
already high. This could have important implications for health and ecosystems.
Compared to 1980, UV-B irradiance towards the end of the 21* century is projected to be
lower at mid to high latitudes by between 5 and 20%, respectively, and higher by 2-3% in
the low latitudes. However, these projections must be treated with caution because they also
depend strongly on changes in cloud cover, air pollutants, and aerosols, all of which are
influenced by climate change, and their future is uncertain. With these predicted changes in
UV radiation it would become more difficult to achieve optimal exposure times for
sufficient UV-B-induced vitamin D production at high latitudes, while the risk of skin
damage would be increased at low latitudes.

Because the future UV climate remains uncertain, continued modelling and
measurement efforts are needed. Strong interactions between ozone depletion and climate
change and uncertainties in the measurements and models limit our confidence in predicting
future UV irradiance. It is therefore important to improve our understanding of the processes
involved, and to continue monitoring ozone and surface UV spectral irradiances, both from
the surface and from satellites. This capability will enable us to monitor and respond to
unexpected changes in the future.

Human Health

Health risks of solar UV-B radiation can be assessed most confidently for cataracts and
skin cancers. Although there is concern about an increased risk of infectious diseases,
data to guide public health decisions are lacking. The incidences of cataract and skin
cancers continue to rise in many countries, with significant societal impacts and costs to
health care systems. In some regions the incidence of melanoma in children and young
people is no longer increasing, or increasing incidence is confined to less lethal forms. These
changes probably reflect intensive public health information campaigns, based on sound
research findings. For infectious diseases, equivalent research findings are not available
except from animal studies. Use of replacements for ozone depleting substances may result
in risks to health but these have not been quantified.

Health benefits of sun exposure are principally derived from vitamin D production in
the skin following solar UV-B irradiation. Optimal vitamin D status supports bone health
and may decrease the risk of several internal cancers and autoimmune, infectious and
cardiovascular diseases. It is not yet clear whether oral vitamin D supplementation provides
all of the benefits of UV-induced vitamin D or whether higher vitamin D status is always
beneficial. Appropriate sun exposure to balance risk and benefits depends on personal

XVi
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characteristics such as genetic background (including skin colour and vitamin D receptor
types) and external/environmental factors (including diet, season, time of day and latitude).
This is an area of active current research, the results of which will provide guidance to the
general public to better balance the benefits of sun exposure whilst minimizing risks.

Health effects associated with combined changes in solar UV radiation and climate are
plausible; directed studies are required to guide health care decisions and future
policies regarding health care. Higher temperatures are likely to lead to more skin cancers
for the same exposure to UV radiation. However, this is the most definitive statement that
can be made to date about a combined effect, as more studies have not been done. Although
higher temperatures may change sun exposure patterns, there is considerable uncertainty in
modeling future human behaviour in response to climate change. There is enough
information to suspect that combined effects could be serious, but the data to develop robust
risk estimates are not available.

Terrestrial Ecosystems

In areas where substantial ozone depletion has occurred, results from a wide range of
field studies suggest that increased UV-B radiation reduces terrestrial plant
productivity by about 6%. This reduction results from direct damage and increased
diversion of plant resources towards protection and acclimation. Long-term effects of
reduced plant growth could be important, particularly for potential carbon sequestration
(capture).

Changes in UV radiation caused by global environmental change can have very
important consequences for terrestrial ecosystems. Region-specific changes in cloud
cover and vegetative cover (in response to increased aridity or deforestation) predicted for
the coming decades are likely to have large impacts on the levels of UV radiation received
by terrestrial organisms. These variations in UV radiation (both UV-B ad UV-A) will affect
a large range of ecosystems.

Predicted changes in climate may modify plant and ecosystem responses to UV
radiation. For example, while moderate drought can decrease UV sensitivity in plants,
further decreases in precipitation and increasing temperatures due to climate change are
likely to restrict plant growth and compromise plants to re-distribute resources for protection
from UV radiation and other climate factors. Thus even limited climate change could have
consequences for survival, especially in harsh environments.

UV radiation promotes the breakdown of dead plant material and consequently carbon
loss to the atmosphere. Exposure of vegetation and soils to UV radiation may increase in
the future at low to mid-latitudes due to reduced cloud cover or more intensive land use. The
breakdown of dead plant material through the action of sunlight (photodegradation) is a very
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important ecosystem process in many environments, especially for those components that
decay only very slowly by microbial action.

Variations in UV-B radiation caused by climate change and ozone depletion can have
large effects on plant interactions with pests, with important implications for food
security and food quality. Plant consumption by herbivores (e.g. insects) usually decreases
under elevated UV-B radiation. Over the coming decades, rising atmospheric carbon dioxide
and increased planting density may counteract this beneficial effect of UV-B radiation.

UV-B radiation may improve the quality of food, for example, through increased
antioxidant activity, flavour and fibre content. Knowledge gained in this area could be
used in the design of agricultural systems that take advantage of these natural plant products
to increase nutritional value.

Solar UV-B radiation changes microbial biodiversity with consequences for soil
fertility and plant disease. Changes in the composition of microbial communities on dead
plant material can alter rates of decay (an important ecosystem process that contributes to
soil fertility). On living plants, changes in species composition of microbes by UV-B
radiation can affect susceptibility to fungal infections.

Aquatic Ecosystems

Detrimental effects of solar UV-B radiation have been demonstrated for many aquatic
organisms. In contrast, relatively little information is available regarding consequences on
biodiversity and species composition, or on the interactions between trophic levels within
natural ecosystems.

For several aquatic organisms, UV-B-induced negative effects are worsened by
environmental pollution. UV-B radiation has a greater impact on aquatic organisms in
sites polluted by crude oil and heavy metals such as cadmium, selenium or copper.

Climate change will alter the exposure of aquatic organisms to solar UV radiation by
influencing their depth distribution as well as the transparency of the water. Increased
temperature due to climate change tends to decrease the depth of the upper mixed layer, thus
exposing organisms to higher irradiances. Dissolved organic matter (DOM) is the major
factor influencing UV transparency in most inland waters and coastal areas. In some regions,
DOM concentrations have nearly doubled in the past 20 years. Since some waterborne
human pathogens are sensitive to solar UV radiation, changes in DOM may alter their
exposure and inactivation.

Xviii
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Enhanced solar UV-B radiation in conjunction with rising global temperatures may
negatively affect seaweeds that have ecologic and economic importance. The vertical
distribution of seaweeds in their ecosystem is strongly determined by solar UV radiation.
Early developmental stages of brown and red algae are impaired by these environmental
factors.

Climate-driven changes in environmental conditions may exceed the capacity of
protective strategies of aquatic organisms to adapt to solar UV radiation. Different
species use different combinations of avoidance strategies, photoprotection and photorepair,
which determine the limits of their ability to adapt to high solar UV radiation. While many
cyanobacteria, which are major biomass producers in both marine and inland ecosystems,
are sensitive to solar UV radiation, others can survive in habitats with extreme UV-B
irradiances, frequent desiccation and extreme temperatures by using a combination of
adaptive strategies.

The rise in atmospheric CO, concentrations increases the acidity of the water, making
calcified organisms more vulnerable to solar UV-B radiation. The continued
acidification of marine waters impairs carbonate incorporation in calcified organisms, such
as phytoplankton, seaweeds and corals.

Biogeochemical Cycles

There are interactions between the effects of solar UV radiation and climate change on
the processes that drive the carbon cycle. These interactions could accelerate the rate of
atmospheric CO; increase and subsequent global warming beyond current predictions.

Projected shifts to warmer and drier conditions, such as in the Mediterranean and in
western North America, will increase UV-induced carbon loss to the atmosphere. UV-
induced breakdown of dead plant material is likely to become a much more significant
pathway for CO, emissions to the atmosphere.

In mid- and high-latitude oceanic areas, the capacity to take up atmospheric CO; is
decreasing. This decrease is mainly due to negative effects of climate change and solar UV
radiation on photosynthesis and related CO, uptake processes in oceans.

Predicted climate-related increases in runoff from the Arctic and alpine regions to
aquatic ecosystems will accelerate the UV-induced breakdown of soil organic carbon
into atmospheric CO,. The runoff also reduces water clarity and thus UV exposure in
freshwaters and the coastal ocean.
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Feedbacks involving greenhouse gases other than CO, are increasing due to interactive
effects of UV radiation and climate change. For example, increases in oxygen-deficient
regions of the ocean caused by climate change enhance emissions of nitrous oxide, an
important greenhouse and ozone-depleting gas.

Further reductions in solar UV-B irradiance reaching the Earth’s surface caused by
recovery of the ozone layer may retard photochemical reactions of organic and
inorganic pollutants. This effect may increase the persistence and exposure concentrations
of organic pollutants. On the other hand, in the case of metals, this may be beneficial, since
UV-induced transformation of metals often increases their toxicity.

Air Quality

The impacts of air pollution on human health and the environment will be directly
influenced by future changes in climate, emissions of pollutants, and stratospheric
ozone. Ultraviolet radiation is one of the controlling factors for the formation of
photochemical smog which includes tropospheric ozone and aerosols; it also initiates the
production of hydroxyl radicals, which control the amount of many climate- and ozone-
relevant gases in the atmosphere. Uncertainties still exist in quantifying the chemical
processes and wind-driven transport of pollutants. The net effects of future changes in UV
radiation, meteorological conditions, and anthropogenic emissions may be large but will
depend on local conditions, posing challenges for prediction and management of air quality.

Numerical models predict that future changes in UV radiation and climate will modify
the trends and geographic distribution of hydroxyl radicals, thus affecting urban and
regional photochemical smog formation, as well as the abundance of several
greenhouse gases. Concentrations of hydroxyl radicals are predicted to decrease globally
by an average of 20% by 2100, with local concentrations varying by as much as a factor of
two above and below current values. However, significant differences between modelled
and measured values in a limited number of case studies show that we do not fully
understand the chemistry of hydroxyl radicals in the atmosphere. Therefore, the
consequences for human health and the environment are uncertain.

Photochemically produced tropospheric ozone is projected to increase over the next 20-
40 years in certain regions of low and middle latitudes because of interactions of
emissions, chemical processes, and climate change. If emissions of anthropogenic air
pollutants from combustion of fossil fuels, burning of biomass, and agricultural activities
continue to increase, concentrations of tropospheric ozone will tend to increase. Climate-
driven increases in temperature and humidity will also increase tropospheric ozone
production in polluted regions, but reduce it in more pristine regions. Higher temperatures of
some soils tend to increase emissions of nitrogen oxides (NOx) and biogenic volatile organic
compounds (VOCs), leading to greater background concentrations of ozone in the
troposphere. For the future protection of human health and the environment, more effective
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controls will need to be considered for emissions of NOx and VOCs related to human
activities.

Aerosols composed of organic substances have a major role for climate and air quality,
and contribute a large uncertainty to the energy budget of the atmosphere. Aerosols
are mostly formed via the UV-initiated oxidation of volatile organic compounds from
anthropogenic and biogenic sources, although the details of the chemistry are still poorly
known and current models under-predict their abundance. A better understanding of their
formation, chemical composition, and optical properties is required to assess their
significance for air quality and to better quantify their direct and indirect radiative forcing of
climate.

The decomposition of substitutes for ozone-depleting substances can lead to a range of
chemical species, however with little relevance expected for human health and the
environment. The hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs)
used as substitutes for ozone-depleting CFCs can break down into trifluoroacetic acid
(TFA), which is very stable and will accumulate in the oceans, salt lakes, and playas.
However, based on historical use and projections of future uses, including new products
entering the market such as the fluoro-olefins, increased loadings of TFA and
monofluoracetic acid (MFA) in these environmental sinks will be small. Even when added
to existing amounts from natural sources, risks from TFA (and the more toxic MFA) to
humans and organisms in the aquatic environment are judged to be negligible.

Materials

Increased ambient temperature accelerates the UV-induced degradation of plastics and
wood, thus shortening their useful outdoor lifetimes. Natural and man-made materials
are widely used in outdoor construction, agriculture and other applications. The increased
rate of degradation at the higher temperatures depends on the specific material, the UV
radiation environment and the geographic location of exposure.

The presently available stabilisation technologies can mitigate the damage to some
types of common polymers routinely exposed to solar UV radiation. State of the art
stablisers, surface coatings and material substitution technologies, are likely to control the
deleterious effects of environments that have enhanced UV radiation and temperature, but
only for some types of common plastics.

Plastic nanocomposites and wood-plastic composites that are increasingly used in
outdoor applications appear to have relatively higher solar UV radiation stability
compared to conventional materials. The use of nanofillers in composites is increasing as
these deliver a superior performance compared to conventional composites. Wood-plastics
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composites, although also UV-stable compared to the plastic alone, can still suffer reduced
lifetimes at high humidity levels.
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Summary

The Montreal Protocol is working, but it will take several decades for ozone to return to 1980
levels. The atmospheric concentrations of ozone depleting substances are decreasing, and
ozone column amounts are no longer decreasing. Mid-latitude ozone is expected to return to
1980 levels before mid-century, slightly earlier than predicted previously. However, the re-
covery rate will be slower at high latitudes. Springtime ozone depletion is expected to contin-
ue to occur at polar latitudes, especially in Antarctica in the next few decades. Because of the
success of the Protocol, increases in UV-B radiation have been small outside regions affected
by the Antarctic ozone hole, and have been difficult to detect. There is a large variability in
UV-B radiation due to factors other than ozone, such as clouds and aerosols. There are few
long-term measurements available to confirm the increases that would have occurred as a re-
sult of ozone depletion. At mid-latitudes UV-B irradiances are currently only slightly greater
than in 1980 (increases less than ~5%), but increases have been substantial at high and polar
latitudes where ozone depletion has been larger. Without the Montreal Protocol, peak values
of sunburning UV radiation could have been tripled by 2065 at mid-northern latitudes. This
would have had serious consequences for the environment and for human health.

There are strong interactions between ozone depletion and changes in climate induced
by increasing greenhouse gases (GHGs). Ozone depletion affects climate, and climate change
affects ozone. The successful implementation of the Montreal Protocol has had a marked ef-
fect on climate change. The calculated reduction in radiative forcing due to the phase-out of
chlorofluorocarbons (CFCs) far exceeds that from the measures taken under the Kyoto proto-
col for the reduction of GHGs. Thus the phase-out of CFCs is currently tending to counteract
the increases in surface temperature due to increased GHGs. The amount of stratospheric
ozone can also be affected by the increases in the concentration of GHGs, which lead to de-
creased temperatures in the stratosphere and accelerated circulation patterns. These changes
tend to decrease total ozone in the tropics and increase total ozone at mid and high latitudes.
Changes in circulation induced by changes in ozone can also affect patterns of surface wind
and rainfall.

The projected changes in ozone and clouds may lead to large decreases in UV at high lati-
tudes, where UV is already low; and to small increases at low latitudes, where it is already
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high. This could have important implications for health and ecosystems. Compared to 1980,
UV-B irradiance towards the end of the 21 century is projected to be lower at mid to high
latitudes by between 5 and 20% respectively, and higher by 2-3% in the low latitudes.
However, these projections must be treated with caution because they also depend strongly
on changes in cloud cover, air pollutants, and aerosols, all of which are influenced by climate
change, and their future is uncertain.

Strong interactions between ozone depletion and climate change and uncertainties in
the measurements and models limit our confidence in predicting the future UV radiation. It is
therefore important to improve our understanding of the processes involved, and to continue
monitoring ozone and surface UV spectral irradiances both from the surface and from satel-
lites so we can respond to unexpected changes in the future.

Introduction

The amount of ultraviolet radiation (UV)* received at Earth's surface has important implications
for human health, terrestrial and aquatic ecosystems, biogeochemical cycles, air quality, and dam-
age to materials, which are assessed in subsequent papers of this thematic issue. Research into the-
se topics was stimulated by the realisation, more than 30 years ago, that the stratospheric ozone
layer was at risk, and that there would be consequent increases in UV-B (280-315 nm) radiation.
Increases in UV-B due to decreasing ozone amounts were observed during the 1980s and 1990s,
particularly at high latitudes (> ~60°), where ozone depletion was more pronounced. However,
because of the success of the Montreal Protocol” in reducing the ozone depleting substances
(ODSs), ozone is no longer decreasing and at unpolluted sites, unaffected by changes in cloud
cover, the increases in UV have not continued in recent years. Based on our current understanding
(which may be incomplete), a gradual recovery of ozone is expected in the decades ahead. Chang-
es in other factors, such as clouds, air pollution (including aerosols), and surface albedo, are some-
times more important for changing UV radiation, and may also lead to future differences on urban
and regional scales. For the forest and aquatic environments, respectively, the UV transmission of
canopy foliage and water must also be considered.

By the end of the 21* century, amounts of ozone in most regions are expected to be greater
than they were before ozone depletion began prior to 1980. Therefore, in the absence of changes in
other factors, UV-B would be expected to decrease. However, at some locations it is possible that
UV will remain elevated due to decreasing extinctions by clouds and aerosols, particularly if the
combustion of fossil fuels is significantly reduced by that time. In some regions, such as at high
latitudes, where increases in cloud cover and reduction of the area of snow or ice are projected as a
consequence of climate change, decreases in UV at the surface may be expected.

It is well known that UV radiation can have harmful effects on human health (e.g., skin
cancer and eye damage), terrestrial and aquatic ecosystems and materials. However, UV radiation
also has beneficial effects, for example by stimulating the production of vitamin D in humans and
other animals (adverse and beneficial effects are discussed in detail in Chapter 2. At mid- and
high- latitudes, wintertime UV is very low, and human populations may be at risk from insuffi-
cient vitamin D, a risk which may increase further if ozone increases in the years ahead and if the
current trend toward indoor living continues.

* For ease of reading, we use “UV” as an abbreviation of “UV radiation” or “amount of UV radiation”. The
term “UV irradiance” means the measured quantity of UV radiation (usually in units of W m™) incident on a
horizontal surface. See the glossary for further details, including definitions of UV-A, UV-B and UV-C.

1 Here we take the Montreal Protocol to include its subsequent amendments and adjustments.
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Here the past changes and projected future changes in UV are assessed, focussing on the
effectiveness of the Montreal Protocol implementation and the effects of interactions between
ozone depletion and climate change. Although brief progress reports'>>"*” have been published in
the last three years, this paper summarises changes in our understanding of these factors in the pe-
riod since the last full assessment report in 2007."** To put this work into context, we include a
brief discussion of changes in stratospheric ozone, which is described in greater detail in the WMO
Scientific Assessment of Ozone Depletion.

Past changes in UV

Despite the paucity of corroborative long-term measurements of UV radiation, studies and theory
have established a clear inverse relationship between column ozone and UV-B radiation reaching
the surface of Earth. It is therefore generally accepted"** '* that during the period of declining col-
umn ozone starting prior to 1980 and continuing through the 1990s, UV would have increased by
a few percent at mid-latitudes (~ i.e., latitudes 30°-60° in both hemispheres), so that the UV expe-
rienced there since the late 1990s probably exceeds that at any time in the last century. However,
this assumes that changes in cloud cover and aerosols have been small — an assumption which at
many locations is not valid. Further, over timescales of hundreds of years or longer, it is unknown
whether the current UV levels are particularly severe. Better proxy methods are needed to estimate
these effects reliably and to better understand the severity of the present situation in a longer his-
torical context.

Estimates of UV from periods prior to modern instruments

Changes in UV over timescales of centuries have been estimated from records of sunspot number -
an index of solar activity. Increased solar activity leads to increased UV-C (100-280 nm) radiation
in the upper atmosphere, which in turn enhances the photochemical formation of ozone and hence
the absorption of UV-B radiation. Therefore an inverse relationship between solar activity and
UV-B irradiance at the surface is expected. For example, the 11-year solar activity cycle is respon-
sible for increases in UV-C irradiance of a few percent between minimum and maximum. These
increases lead to enhanced production of stratospheric ozone, which in turn reduces UV-B trans-
mitted to Earth's surface by a few percent between solar minima and solar maxima in recent solar
cycles. It has been further suggested that long-term changes in UV-C exceed these variations by a
factor of two, and that during quieter periods (low number of sunspots), such as the Maunder min-
imum in the 17" century, surface UV-B irradiance may have been significantly higher than in the
modern epoch.'®

Over much longer timescales, before the appearance of man, UV irradiances may have
been much greater than at present, due to differences in the composition of the atmosphere. For
example, a recent modelling study estimated that about 4 billion years ago, UV-B radiation may
have been several orders of magnitude higher than at present.”® Another modelling study suggest-
ed that about 250 million years ago the UV-B levels may also have been elevated, mainly at higher
latitudes.4?6Histon'c changes in UV-B, their causes, and methods to probe them have recently been
reviewed.

For the more recent past, on timescales of a century or so, attempts have been made to es-
timate UV irradiances using information about daily sunshine duration. For example, daily totals
of solar UV radiation back to 1893 were reconstructed for Central Europe.*® The estimated annual-
ly averaged erythemal irradiances (UV-Ery)* in this region were found to be only weakly depend-

1 Erythemally weighted UV (i.e., “sunburning” irradiance, UV-Ery) is the irradiance weighted by the erythema
action spectrum (see Fig. 1-6). This is often reported to the public in terms of the UV Index (UVI) where UVI =
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ent on ozone amounts. Thus, assuming that any ozone changes prior to 1980 were no larger than
those since 1980,>' this new information extends our knowledge of historical changes in UV irra-
diance to the period before direct measurements were available. However the uncertainty in the
reconstruction is typically 10-20% for annual means.

Satellite estimates of UV

Estimates of surface UV irradiance are available from satellite measurements for the period since
the late 1970s. Changes in UV at different spectral bands over the period 1979 to 2008 for the en-
tire globe have been derived from a series of polar orbiting satellite instruments, as summarised for
UV-Ery in Fig. 1-1.>* Although satellite observations are available to higher latitudes, the latitude
range in this study is limited to 55°S to 55°N to avoid large solar zenith angle effects and seasonal
bias caused by missing data during polar nights. The reduced latitude range also helps to reduce
the effects of uncertainties in the retrieval associated with distinguishing reflections from clouds or
snow.”* * Over this time period, UV increased significantly at all latitudes except the equatorial
zone. Over the shorter period from 1979 to 1998, the increase was caused by decreases in ozone
amount, but after 1998, ozone amounts and UV irradiance in the northern mid-latitudes have been
approximately constant. The annual average UV increase due to ozone changes is partially offset
by an increase in clouds and aerosols which led to a decrease in transmission of UV to the surface
(i.e., a “dimming”), especially at higher latitudes in the southern hemisphere. For clear skies, the
largest increases in estimated UV-Ery were in the southern hemisphere (about 8% at 50°S for
clear-sky conditions compared to 5% at 50°N). At lower latitudes, the increases were smaller. It
should be noted that the effects of absorbing aerosols have not been included in this analysis be-
cause the satellite sensors do not ad-
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information on diurnal variability is provided, and there are significant uncertainties in the estimat-
ed daily doses (integrated UV irradiance during a day). Following earlier attempts to use data from
geostationary satellites to estimate effects of clouds in Europe,'*' a new algorithm has been devel-
oped to estimate diurnally-varying spectral irradiance of UV at the surface over North America
based on information (e.g., cloud, surface albedo and aerosol data) from such satellites.* The re-
sults show reasonable agreement between the satellite data and ground-based observations from
the US Department of Agriculture UV-monitoring network (bias within +3.5% and root mean
square differences of between 14 and 25%). The use of detailed information on cloud cover from
geostationary satellites will improve the estimation of daily doses of UV, which are more relevant
for effects that depend on accumulated UV.

Ground-based studies

There were few long-term records of UV radiation from ground-based instruments prior to the era
of satellite measurements. The first co-ordinated ground-based networks were established in the
1970s," but their geographical coverage was limited during the period of most-rapid depletion of
ozone prior to the 1990s. Furthermore, in some cases, the wavelength response of the instruments
was such that they were not particularly sensitive to changes in the amount of ozone, and the UV
irradiances were more strongly affected by changes in other factors, such as clouds and aerosols.
Consequently, the expected increase in UV radiation attributable to ozone depletion was not well
established by direct measurements of surface UV radiation. Significant increases in UV irradi-
ance have been observed from the United States National Science Foundations UV spectroradi-
ometer network in Antarctica,”> where ozone depletion has been substantial. However, because
ozone depletion had started well before the deployment of these instruments, the full extent of the
changes in UV-B could not be fully documented. Model calculations suggest that in some cases,
the peak UV-B irradiances would have doubled since the pre-1980 era, and current values in
spring are approximately twice as large as corresponding values in the Arctic where ozone deple-
tion has been less severe.'* '

Long-term changes in observed UV irradiance at the surface vary geographically, and are
not always in response to ozone changes alone. In some locations, the response of UV radiation to
the beginning of an ozone recovery is apparent, but in other places UV radiation is still increasing.
Since the mid-1990s, mean annual changes in UV-Ery within the United States Department of Ag-
riculture’s UV Network ranged from —0.5% to +0.2% per year,”* although in most of these cases
the trends for individual months were not statistically significant. Over the measurement period of
about one decade, there was a general increase in ozone, suggesting that changing cloud, aerosol,
air pollution and snow conditions were also important determinants of variability in surface radia-
tion in addition to ozone changes. At Belsk, Poland, although an increase in column ozone oc-
curred between 1995 and 2006, UV-B did not decrease, but instead tended to level off.!® Such var-
iations could arise from differences in the changes in clouds and aerosols among the measurement
sites, as discussed further below. The results of UV measurements and reconstructions have been
compared in a comprehensive study in Europe. Eight sites were involved, and the study included
an attribution of the changes in UV to ozone and clouds.” At some sites, records of UV were re-
constructed from the 1960s to the present. Upward trends in UV were observed from 1980 to mid-
1990s for most sites. However, UV irradiances in the 1980s, before ozone depletion became ap-
parent at these sites, were also low compared with the long-term average. Y ear-to-year variability
was also large, but there was a strong commonality in the long-term changes between the sites,
indicating that widespread regional effects are important. Attribution of the observed changes be-
tween ozone and cloud effects shows that the low irradiances in the 1980s were primarily a
cloud/aerosol effect. The largest effects from ozone generally occurred in the 1990s (see Fig. 1-2).
The eruption of Mt Pinatubo in 1991 had an important contribution to the changes in the mid-
1990s, through reducing the ozone amounts (tending to increase UV) and increasing aerosol ex-
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tinctions (tending to decrease UV). As discussed further below, these results for Europe cannot be
extrapolated to other regions, as there are strong regional differences in the patterns in long-term
changes in cloud cover.”

Biological proxies to
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study, the concentra-
tions of a different UV-protective substance in herbarium samples of a liverwort (a moss-like
plant) were investigated as a proxy for UV-B. However, no trend was found over the years 1850-
2006.”

Further studies have been carried out to investigate the association between UV radiation
and the concentration of protective compounds (flavonoids) in Antarctic mosses.'”’” Measurements
taken since the 1970s, spanning periods before and after the onset of Antarctic ozone depletion,
reveal significant negative correlations between measured ozone amounts and the concentration of
flavonoids, suggesting that these herbarium specimens may reveal historical UV-B radiation.
However, factors other than ozone, such as changes in cloud cover and distribution in the locations
of samples, may have had a significant influence on the UV exposures received.

A spore dosimetry method has been used to investigate relationships and trends of biologi-
cally effective doses of solar UV radiation in Asia, Europe and South America from 1999 to
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Here the past changes and projected future changes in UV are assessed, focussing on the
effectiveness of the Montreal Protocol implementation and the effects of interactions between
ozone depletion and climate change. Although brief progress reports'>>"*” have been published in
the last three years, this paper summarises changes in our understanding of these factors in the pe-
riod since the last full assessment report in 2007."** To put this work into context, we include a
brief discussion of changes in stratospheric ozone, which is described in greater detail in the WMO
Scientific Assessment of Ozone Depletion.

Past changes in UV

Despite the paucity of corroborative long-term measurements of UV radiation, studies and theory
have established a clear inverse relationship between column ozone and UV-B radiation reaching
the surface of Earth. It is therefore generally accepted"** '* that during the period of declining col-
umn ozone starting prior to 1980 and continuing through the 1990s, UV would have increased by
a few percent at mid-latitudes (~ i.e., latitudes 30°-60° in both hemispheres), so that the UV expe-
rienced there since the late 1990s probably exceeds that at any time in the last century. However,
this assumes that changes in cloud cover and aerosols have been small — an assumption which at
many locations is not valid. Further, over timescales of hundreds of years or longer, it is unknown
whether the current UV levels are particularly severe. Better proxy methods are needed to estimate
these effects reliably and to better understand the severity of the present situation in a longer his-
torical context.

Estimates of UV from periods prior to modern instruments

Changes in UV over timescales of centuries have been estimated from records of sunspot number -
an index of solar activity. Increased solar activity leads to increased UV-C (100-280 nm) radiation
in the upper atmosphere, which in turn enhances the photochemical formation of ozone and hence
the absorption of UV-B radiation. Therefore an inverse relationship between solar activity and
UV-B irradiance at the surface is expected. For example, the 11-year solar activity cycle is respon-
sible for increases in UV-C irradiance of a few percent between minimum and maximum. These
increases lead to enhanced production of stratospheric ozone, which in turn reduces UV-B trans-
mitted to Earth's surface by a few percent between solar minima and solar maxima in recent solar
cycles. It has been further suggested that long-term changes in UV-C exceed these variations by a
factor of two, and that during quieter periods (low number of sunspots), such as the Maunder min-
imum in the 17" century, surface UV-B irradiance may have been significantly higher than in the
modern epoch.'®

Over much longer timescales, before the appearance of man, UV irradiances may have
been much greater than at present, due to differences in the composition of the atmosphere. For
example, a recent modelling study estimated that about 4 billion years ago, UV-B radiation may
have been several orders of magnitude higher than at present.”® Another modelling study suggest-
ed that about 250 million years ago the UV-B levels may also have been elevated, mainly at higher
latitudes.4?6Histon'c changes in UV-B, their causes, and methods to probe them have recently been
reviewed.

For the more recent past, on timescales of a century or so, attempts have been made to es-
timate UV irradiances using information about daily sunshine duration. For example, daily totals
of solar UV radiation back to 1893 were reconstructed for Central Europe.*® The estimated annual-
ly averaged erythemal irradiances (UV-Ery)* in this region were found to be only weakly depend-

1 Erythemally weighted UV (i.e., “sunburning” irradiance, UV-Ery) is the irradiance weighted by the erythema
action spectrum (see Fig. 1-6). This is often reported to the public in terms of the UV Index (UVI) where UVI =
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Summary

The Montreal Protocol is working, but it will take several decades for ozone to return to 1980
levels. The atmospheric concentrations of ozone depleting substances are decreasing, and
ozone column amounts are no longer decreasing. Mid-latitude ozone is expected to return to
1980 levels before mid-century, slightly earlier than predicted previously. However, the re-
covery rate will be slower at high latitudes. Springtime ozone depletion is expected to contin-
ue to occur at polar latitudes, especially in Antarctica in the next few decades. Because of the
success of the Protocol, increases in UV-B radiation have been small outside regions affected
by the Antarctic ozone hole, and have been difficult to detect. There is a large variability in
UV-B radiation due to factors other than ozone, such as clouds and aerosols. There are few
long-term measurements available to confirm the increases that would have occurred as a re-
sult of ozone depletion. At mid-latitudes UV-B irradiances are currently only slightly greater
than in 1980 (increases less than ~5%), but increases have been substantial at high and polar
latitudes where ozone depletion has been larger. Without the Montreal Protocol, peak values
of sunburning UV radiation could have been tripled by 2065 at mid-northern latitudes. This
would have had serious consequences for the environment and for human health.

There are strong interactions between ozone depletion and changes in climate induced
by increasing greenhouse gases (GHGs). Ozone depletion affects climate, and climate change
affects ozone. The successful implementation of the Montreal Protocol has had a marked ef-
fect on climate change. The calculated reduction in radiative forcing due to the phase-out of
chlorofluorocarbons (CFCs) far exceeds that from the measures taken under the Kyoto proto-
col for the reduction of GHGs. Thus the phase-out of CFCs is currently tending to counteract
the increases in surface temperature due to increased GHGs. The amount of stratospheric
ozone can also be affected by the increases in the concentration of GHGs, which lead to de-
creased temperatures in the stratosphere and accelerated circulation patterns. These changes
tend to decrease total ozone in the tropics and increase total ozone at mid and high latitudes.
Changes in circulation induced by changes in ozone can also affect patterns of surface wind
and rainfall.

The projected changes in ozone and clouds may lead to large decreases in UV at high lati-
tudes, where UV is already low; and to small increases at low latitudes, where it is already

The Environmental Effects Assessment Panel Report for 2010



Ozone depletion and climate change: Impacts on UV radiation

ent on ozone amounts. Thus, assuming that any ozone changes prior to 1980 were no larger than
those since 1980,>' this new information extends our knowledge of historical changes in UV irra-
diance to the period before direct measurements were available. However the uncertainty in the
reconstruction is typically 10-20% for annual means.

Satellite estimates of UV

Estimates of surface UV irradiance are available from satellite measurements for the period since
the late 1970s. Changes in UV at different spectral bands over the period 1979 to 2008 for the en-
tire globe have been derived from a series of polar orbiting satellite instruments, as summarised for
UV-Ery in Fig. 1-1.>* Although satellite observations are available to higher latitudes, the latitude
range in this study is limited to 55°S to 55°N to avoid large solar zenith angle effects and seasonal
bias caused by missing data during polar nights. The reduced latitude range also helps to reduce
the effects of uncertainties in the retrieval associated with distinguishing reflections from clouds or
snow.”* * Over this time period, UV increased significantly at all latitudes except the equatorial
zone. Over the shorter period from 1979 to 1998, the increase was caused by decreases in ozone
amount, but after 1998, ozone amounts and UV irradiance in the northern mid-latitudes have been
approximately constant. The annual average UV increase due to ozone changes is partially offset
by an increase in clouds and aerosols which led to a decrease in transmission of UV to the surface
(i.e., a “dimming”), especially at higher latitudes in the southern hemisphere. For clear skies, the
largest increases in estimated UV-Ery were in the southern hemisphere (about 8% at 50°S for
clear-sky conditions compared to 5% at 50°N). At lower latitudes, the increases were smaller. It
should be noted that the effects of absorbing aerosols have not been included in this analysis be-
cause the satellite sensors do not ad-
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Latitude

40.UV-Ery (W m™). For clear skies it can be approximately estimated™ from UVI = 12.5 (cos(SZA))**(O;
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high. This could have important implications for health and ecosystems. Compared to 1980,
UV-B irradiance towards the end of the 21 century is projected to be lower at mid to high
latitudes by between 5 and 20% respectively, and higher by 2-3% in the low latitudes.
However, these projections must be treated with caution because they also depend strongly
on changes in cloud cover, air pollutants, and aerosols, all of which are influenced by climate
change, and their future is uncertain.

Strong interactions between ozone depletion and climate change and uncertainties in
the measurements and models limit our confidence in predicting the future UV radiation. It is
therefore important to improve our understanding of the processes involved, and to continue
monitoring ozone and surface UV spectral irradiances both from the surface and from satel-
lites so we can respond to unexpected changes in the future.

Introduction

The amount of ultraviolet radiation (UV)* received at Earth's surface has important implications
for human health, terrestrial and aquatic ecosystems, biogeochemical cycles, air quality, and dam-
age to materials, which are assessed in subsequent papers of this thematic issue. Research into the-
se topics was stimulated by the realisation, more than 30 years ago, that the stratospheric ozone
layer was at risk, and that there would be consequent increases in UV-B (280-315 nm) radiation.
Increases in UV-B due to decreasing ozone amounts were observed during the 1980s and 1990s,
particularly at high latitudes (> ~60°), where ozone depletion was more pronounced. However,
because of the success of the Montreal Protocol” in reducing the ozone depleting substances
(ODSs), ozone is no longer decreasing and at unpolluted sites, unaffected by changes in cloud
cover, the increases in UV have not continued in recent years. Based on our current understanding
(which may be incomplete), a gradual recovery of ozone is expected in the decades ahead. Chang-
es in other factors, such as clouds, air pollution (including aerosols), and surface albedo, are some-
times more important for changing UV radiation, and may also lead to future differences on urban
and regional scales. For the forest and aquatic environments, respectively, the UV transmission of
canopy foliage and water must also be considered.

By the end of the 21* century, amounts of ozone in most regions are expected to be greater
than they were before ozone depletion began prior to 1980. Therefore, in the absence of changes in
other factors, UV-B would be expected to decrease. However, at some locations it is possible that
UV will remain elevated due to decreasing extinctions by clouds and aerosols, particularly if the
combustion of fossil fuels is significantly reduced by that time. In some regions, such as at high
latitudes, where increases in cloud cover and reduction of the area of snow or ice are projected as a
consequence of climate change, decreases in UV at the surface may be expected.

It is well known that UV radiation can have harmful effects on human health (e.g., skin
cancer and eye damage), terrestrial and aquatic ecosystems and materials. However, UV radiation
also has beneficial effects, for example by stimulating the production of vitamin D in humans and
other animals (adverse and beneficial effects are discussed in detail in Chapter 2. At mid- and
high- latitudes, wintertime UV is very low, and human populations may be at risk from insuffi-
cient vitamin D, a risk which may increase further if ozone increases in the years ahead and if the
current trend toward indoor living continues.

* For ease of reading, we use “UV” as an abbreviation of “UV radiation” or “amount of UV radiation”. The
term “UV irradiance” means the measured quantity of UV radiation (usually in units of W m™) incident on a
horizontal surface. See the glossary for further details, including definitions of UV-A, UV-B and UV-C.

1 Here we take the Montreal Protocol to include its subsequent amendments and adjustments.
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S
Interactions with climate change Midlatitudes (30'-50'N)
Scientifically, and at political and policy 301 July 2, noon conditions
levels, there are strong links between the , i
depletion of ozone and climate change. The - » . i
Kyoto Protocol on climate change has 1'3’ 20 world avoided
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Protocol. However, addressing climate 2 4sh 1
change is much more complicated than the e
phase-out of ODSs.”’ 10} -

There has been an increased focus 5 M
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on understanding physical interactions be- Yeur

tween ozone depletion and climate change.
These are more Complex than prev]ously Fig. 1-3 UV index for clear skies predlcted by a Cllmate'
thought (see also Chapters 3-6). They can chemistry model \‘/‘ersus year.for EYVO fpmre scenarios:

K in both di ons: ch . (black curve) the “world avoided” by implementing the
wor - In bot lreCtIOI.ls' c .anges n OZO_ne Montreal Protocol, and (red curve) a “reference future”,
can induce changes in climate, and vice  calculated using the observed and currently predicted
versa. Changes in climate can also induce  chlorine concentrations. The UV index is calculated using
changes in UV radiation without affecting the July 30° — 50° N zonal-mean ozone, and for local noon
ozone. Thus, the return of ozone (or UV) to on 2 July. The horizontal grey llng shows the 1975-1985
. . . average from the fixed chlorine simulation. Adapted from
its value at any particular date in the past o
should not necessarily be interpreted as a

recovery from the effects of ODSs.'**

Impacts of ozone depletion on climate change

As noted earlier,'” the Montreal Protocol has helped to mitigate effects caused by the increases in

the main GHGs (i.e., CO,, CH4 and N,O). However, on the negative side, future reductions in
GHGs arising from this Montreal Protocol “windfall” will be slower, leading to more rapidly in-
creasing climate impacts from the main GHGs in the future. Further, the concentrations of hydro-
fluorocarbons (HFCs), which are replacements for CFCs and are also GHGs, are increasing rapid-
ly. By 2050, the increased climate forcing from these HFCs will exceed the reduction in climate
forcing due to the phase-out of CFCs."* It has been suggested that rapid action to curb further
emissions of HFCs may be among the most effective means of limiting climate change in the next
few decades.®

In recent decades, increases in Antarctic temperatures may have been suppressed by
changes in stratospheric ozone affecting wind patterns even at locations in the northern hemi-
sphere,'™ so that melting of the west Antarctic ice sheet may proceed faster in future decades, as
stratospheric ozone recovers.'> The effects of changes in stratospheric chemistry and circulation
associated with ozone recovery have not been included in all models used in previous assessments
of climate change,'" although these effects have been investigated together in the most recent Sci-
entific Assessment of Ozone Depletion.' Improved predictions of climate change should be
achieved by extending the upper boundary of climate models to include the stratosphere.

For accurate prediction of future changes in climate, all forcing agents must be included,
rather than the principal GHGs alone. These forcing agents should include changes in ozone with
altitude™ and longitude,”® changes in the mixtures and concentrations of ODSs,'"” and changes in
acrosols.''* For example, climate models that include stratospheric chemistry predict that the ob-
served increase in westerly winds at southern high latitudes will not continue, as previously
thought, but will decrease in the next few decades as ozone recovers.'”’
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Impacts of climate change on stratospheric ozone and UV radiation

Changes in different components of the earth-atmosphere system due to global warming may af-
fect ozone and UV radiation. The changes in UV may be a direct consequence of the changes in
ozone, or they may be due to changes in other factors such as changes in aerosols, clouds, or sur-
face reflectance. The extent of sea-ice in the Arctic is decreasing rapidly due to global warming
and models suggest that ice cover in summer will disappear within the next few decades.””*® The
reduced surface albedo may have important implications for future climate by increasing the frac-
tion of solar energy that is absorbed at Earth®S surface. Furthermore, organisms that were once liv-
ing below the ice will be exposed to increased doses of UV, but organisms living above the sur-
face will receive lower doses of UV due to the reduced reflectivity. It has been postulated that re-
ductions in Arctic sea-ice resulting from climate change could also lead to significant reductions in
ozone and associated increases in UV due to changes in atmospheric circulation.'”

As discussed further elsewhere,™ increases in GHGs are expected to influence future
changes in ozone. For example, as noted previously,** outside polar regions, decreased strato-
spheric temperatures that result from climate change are expected to slow down the rate of chemi-
cal destruction of ozone, and so aid ozone recovery. However, in polar regions the decreased strat-
ospheric temperatures can lead to increased areas of polar stratospheric clouds, which provide sur-
faces for rapid ozone loss, and therefore inhibit ozone recovery.'” Most models also predict that
by the end of the 21* century, ozone amounts will be significantly greater than they were in 1980,
before the onset of anthropogenic depletion of ozone.”" '** However, changes in atmospheric cir-
culation resulting from climate change can induce regional differences in ozone, leading to in-
creases in UV in some regions and reductions in other regions.”

It has been suggested that global warming could be counteracted by injection of sulphur
compounds directly into the stratosphere to produce aerosols that reflect incoming solar radiation
back to space. A secondary effect of this strategy would be the direct reduction of UV radiation
reaching the surface due to extinction by these aerosols. However, this geo-engineering strategy
would increase Arctic ozone depletion during the 21 century and delay Antarctic ozone recovery
by 30 to 70 years."* Other geo-engineering schemes have also been suggested. However, because
the atmosphere is a complex system, any deliberate interventions should be treated with great care
as they may have unanticipated adverse effects.

Future changes in UV

Changes in UV radiation in the future are estimated by model simulations that are based on the
projected changes in ozone and clouds, which are the most important factors that are known to in-
fluence UV. Because of the complex interactions between ozone depletion and climate change,
particularly with regard to future changes in clouds and aerosols, continued monitoring of ozone
and UV radiation will remain important. In particular, it will be necessary to maintain an extensive
ground-based UV measurement capability to enable us to confirm whether the measures taken un-
der the Montreal Protocol continue to be effective, and whether the model predictions for the fu-
ture are consistent with observations.

Projected changes in clear-sky UV

New simulations have been carried out using coupled Chemistry-Climate Models (CCM), incor-
porating projected changes in total ozone columns and vertical profiles of ozone and temperature.
One such study® reported that clear-sky surface erythemal irradiance would decrease over mid-
latitudes by 5 to 15% over the 21" century, while at southern high latitudes the decrease would be
twice as much. Surface erythemal irradiance was projected to decrease globally at somewhat high-
er rates in the first half of the 21* century and more slowly later on. This decreasing tendency
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would be more pronounced over latitudes where stratospheric ozone depletion was largest."*' An-
other simulation® for the period 1980-2080 found that a reduction of UV to values similar to those
in 1980 would be achieved before the mid-century at most latitudes, but because of the continued
increase of ozone thereafter, UV would continue to decrease. By 2080, erythemally weighted irra-
diances would be on average 25% lower at high latitudes and 10% lower at mid-latitudes. These
estimates have appreciable uncertainties, ranging from about 3% at mid latitudes to about 5% at
high latitudes. For some weighting functions (e.g., DNA-damage) the changes are larger.

Fig. 1-4 shows the pro-
jected annually averaged changes
in clear-sky UV-Ery from 1960 to " ."'/\\
2100 relative to 1980,121’ 0 hased f
on projected changes in ozone
from 15 models. These new simu-
lations show that UV-Ery is pro-
jected to return to its 1980 values -
in the early 2020s at northern lati- L
tudes, with a slower return in the i —
southern hemisphere, especially

over Antgrctilca. These' return 160 1980 2000 2020 2040 2060 2080 2100
dates are significantly earlier than YEAR

reported in th? preYlouS assess- Fig. 1- 4. Time series of projected changes in annual mean of noon-
ment. UV-Ery is projected to con-  time clear-sky erythemally weighted UV over the period 1960 to
tinue to decrease thereafter, ex- 2100, relative to 1980, smoothed with a 5-year running mean. Re-
cept at low latitudes where a  sults are zonal means for several latitude belts. Updated from ref.> %
small increase is projected. How-

ever, there is a wide range in return dates between the models. These studies do not take into ac-
count the potentially important changes in cloudiness, surface reflectivity, and tropospheric aerosol
loading due to or additional to climate change. The projected return date for annual mean UV to
1980 levels occurs a few years earlier than for ozone, which is projected to return to its 1980 levels
earlier for the summer months when UV high, than for the winter months when UV is low.
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Another atmospheric chemistry-climate model has been used to isolate the effects of cli-
mate change from those of ozone depletion and recovery on clear-sky UV-Ery.” Under the “mod-
erate” emissions scenario (designated AB1) of the Intergovernmental Panel on Climate Change,”’
tropospheric ozone increases markedly between 1965 and 2095 as a result of changes in atmos-
pheric circulation induced by climate change. The overall change varies with location and season.
The predicted decrease in UV-Ery of 9% in northern high latitudes is a much larger effect than that
due to stratospheric ozone recovery alone. In the tropics, clear-sky UV-Ery is predicted to increase
by 4%; and in southern high latitudes in late spring and early summer by up to 20%. The latter in-
crease is equivalent to nearly half of that generated by the Antarctic ,0zone hole™. The results sug-
gest that climate change will alter the tropospheric ozone budget and UV radiation at the surface,
with consequences for tropospheric temperatures, air quality, and human and ecosystem health.

Projected effects of cloud changes on UV

Although clouds have large effects on UV, there has been only limited progress in forecasting fu-
ture cloud prevalence or characteristics, or in calculating the detailed radiative effects of realistic
cloud situations. It is uncertain whether the radiative effects of clouds in the future will be greater
or less than at present. A recent modelling study suggests that, in response to climate change,
cloud cover will increase at high latitudes by up to 5% but will decrease at low latitudes (< ~30°)
by up to 3%."3 If this prediction is correct, there could be important implications for human
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health, the local ecosystems, biogeochemical cycles and air quality, since UV radiation would in-
crease at low latitudes where it is already high, but decrease at high latitudes where it is already
low. The already large latitudinal gradients in UV radiation will become even larger. However,
these modelled cloud effects have not yet been verified against observed effects, and large uncer-
tainties remain.

New simulations with 15 different CCMs have provided more robust predictions of ozone,
and 4 of these models also provided estimates of future surface solar irradiance both under clear-
skies and for cloud-affected conditions.”’

When the effects of projected changes in clouds are included, a further reduction in UV—
Ery of about 2% is calculated for mid-latitudes. In the tropics, UV is projected not to return to its
levels in 1980. Although UV is projected to decrease at all latitudes during the 21* century, in the
tropics this decrease is smaller and lasts only until the middle of the century. Thereafter low lati-
tude UV-Ery increases in response to the projected decreases in ozone due to the acceleration of
the large scale atmospheric transport (specifically, the “Brewer-Dobson” circulation).'” Although
the magnitude of this increase due to ozone is small (on average 2%) compared to the changes pro-
jected for the higher latitudes, the inclusion of clouds in the calculations results in an additional
increase in UV-Ery of between 3 and 6% at low latitudes (see Fig. 1-5). This additional increase in
a region where UV-Ery is already high would increase the risk of adverse effects on ecosystems
and human health.

At high latitudes,
especially in the Arctic
spring, increasing cloudi-
ness is expected to further
reduce the UV irradiance
at the surface. While
changes in ozone are re-
sponsible for a reduction
in UV-Ery of up to
~10%, the increases in
cloud cover predicted by
the models produce a fur-
ther reduction in UV-Ery
of ~10%. Reduced sur-
face albedo due to de-
creases in the extent of
sea ice during the 21"
century will further am-
plify these reductions in

3
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UV at the surface (but Average all-sky erythemal iradiance change between 1980 and 2100 (%)
increase UV below the | -
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merly covered by ice).

We note that the differ- Fig. 1-5. Multi-model average changes in surface erythemal irradiance from
ences in the estimates 1980 (1975-1985) to 2100 (2089-2099) under all-sky conditions for four

among models are large, months, calculated with a radiative transfer model using projections of ozone,
cloudiness, temperature and solar radiation from 15 different CCM runs. Up-

rﬁducmg lconlt\}[dence IE dated from refs.'*" ! Note the seasonally-dependent bands of missing data at
these results. More wor high latitudes.

is needed to simulate fu-
ture cloud changes with confidence.
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The changes described in Figs 4 and 5 are for erythemally-weighted UV irradiances.
For other environmental effects, the influence of ozone differs, as described further below.
However, the influences of changing cloud cover are similar for most environmental effects.

Biological relevance of ozone changes

Sensitivity of UV radiation to ozone changes

The damaging or beneficial effects of UV radiation often have a strong wavelength-dependence,
the effect being generally larger at shorter wavelengths. These effects are quantified using
weighting functions, also called “action spectra”, which typically increase towards shorter wave-
lengths in the UV-B region. Examples of action spectra, illustrating their huge diversity, are shown
in Fig. 1-6. Action spectra express the
relative response at different wavelengths.
To calculate physical effects, they are
combined with a response in relevant units 1
at the normalisation wavelength.

The relationship between change
in total column ozone (Os3) and change in
biologically effective UV irradiance (E)
can be quantified in terms of the “Radia-
tion Amplification Factor” (RAF). For
small changes in ozone, the RAF is de-
fined as the relative fractional change in 0.001
effective UV irradiance with fractional

0.1

0.0

Relative Response

change in total column ozone: 18
0.0001 .
RAF = - (AE/E) / (AO5/O5) 280 320 80 400
‘ Wavelength (nm)
where AE and AO; are the respective < o
. . rylhema,

changes of UV irradiance (E) and ozone Bt
(O5). For example, RAF=1.5 means that a —e DNA damage
1% decrease in ozone will lead to a 1.5% sessssssscass Generalised plant damage
increase in effective UV. Processes with —— Patdamage

. .. — =— =— - Bleaching ol DOM {/50)
steeper agtlon spectra are more sensitive to Open oceen CO pholoproducion
changes in ozone, and have larger RAFs ~ cccaaa. Mortality of copepod
(see Fig. 1-6). An earlier assessment” in- Secondary organic asrasol 1o CO (x50)

cluded a comprehensive list of RAFs for

time. Since then, several new action spec- induced effects listed in Table 2. Curves are labelled by

h 1abl i their summertime RAF and colour-coded according to the
tra have become available. An updated list nature of the effect (e.g., health effects in red). Note that the

of RAFs for these, and for some common-  action spectra for bleaching of dissolved organic matter
ly-used older action spectra, is tabulated = (DOM) and secondary organic aerosols have been scaled by
below (Table 1-2). Note that uncertainties 1/50 and 50, respeqtively, to bring their normalisation at

in the weighting functions can be large 00 "M close to unity.

and these uncertainties propagate through

to these RAFs. Therefore, differences in the RAFs, shown in Table 1-2, should not be over-
interpreted.

As the effect of ozone on UV is non-linear, for larger changes in ozone, the power form
should be used™:
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E'/E = (0570, )
where the superscripts (+ and -) refer to the cases with higher or lower ozone amounts, respective-
ly.

Table 1-2. RAFs for action spectra calculated on the basis of daily integrals for latitude

30°N. This is an update of Table 1.1 in ref.”

Effect RAF Jan | RAF July | Refer-
(290 DU) | (305DU) | ence
Exponential decay (14 nm/decade) 1.00 1.01 -
UV-B (280-315 nm) 1.25 0.99 -
UV-A (315-400 nm) 0.03 0.02 -
Erythema (CIE, standard reference) 1.1 1.2 50
Erythema (from tuneable laser) 1.6 1.5 :
Squamous skin cancer in humans (SCUP) 1.2 1.2 !
US Industrial Safety Standard (ACGIH) 1.4 1.5 !
Cataract using whole pig lens 1.3 1.1 7
Visual sensitivity in insect 0.1 0.1 7
Previtamin D3 (CIE) 1.7 1.4 0
DNA damage (Setlow) 2.2 2.1 e
DNA damage in alfalfa 0.5 0.6 100
Generalised plant damage (Caldwell, truncated at 2.2 1.8 2
313 nm)
Plant damage (extended to 390 nm) 0.3 0.4 =
Phytoplankton Phaeodactylum 0.3 0.3 >
Phytoplankton Prorocentrum 0.4 0.4 >
Phytoplankton 0.8 0.8 "
Inhibition of photosynthesis in phytoplankton 0.3 0.3 1z
Damage to freshwater cladoceran (Daphnia) 0.72 0.74 148
Bleaching of dissolved organic matter (DOM) 0.04 0.04 o
Baltic Sea - photoammonification 0.2 0.2 138
Photoproduction of CO from tropical savanna litter | 0.3 0.3 108
Coastal ocean biologically labile photoproduction 0.2 0.2 5
Open ocean CO photoproduction 0.3 0.3 e
Mortality of copepod Boeckella gracilipes 0.6 0.7 1
DNA damage in embryos of sea urchin 0.1-0.2 0.1-0.2 70
Inhibition of hypocotyl growth in Arabidopsis 1.6 1.3 »
Inhibition of photosynthesis in kelp (depth depend- | 0.1-0.4 0.1-0.4 5
ent)
Secondary organic aerosol to carbon monoxide 0.2 0.2 70
Secondary organic aerosol to formic acid 0.2 0.2 13

16
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Effect RAF Jan | RAF July | Refer-
(290 DU) | (305DU) | ence

Material: PVC, 2.5% TiO,, approx as exp(-0.058*1) | 0.3 0.3 >
Material: Rigid Sheets, approx as exp(-0.082*k) 0.4 0.4 6
Material: Mechanical pulp, approx as exp(-0.110*4) | 0.08 0.08 7

0; > 0,+0('D) 1.5 1.4 o8
H,0, > 2 OH 0.3 0.3 >
NO, 2 NO + O(CP) 0.02 0.02 ¥
HNO; - OH + NO;, 0.8 0.8 >
NOs(aq) 2 NO,(aq) + O 0.6 0.5 ¥
CH,O - H + HCO 0.5 0.4 >
CH,0 - H, +CO 0.2 0.1 >
CH;COCH; - CH;CO + CH;, 1.5 1.5 >

While the concept of RAF is a good approximation, it cannot generally be applied as a

single value under all circumstances. It depends on all factors that may alter the shape of the irra-
diance spectrum, the solar zenith angle (SZA) and the ozone column amount being particularly
important. This dependency for the erythemal action spectrum is illustrated in Fig. 1-7. For SZAs
between 0° and 50°, the RAF is 1.1£0.1, but for larger than 50° SZA and large total ozone column
amounts, resulting in strong absorption of radiation, the RAF for erythema gradually decreases.
Limitations of the RAF and its application to other action spectra have been discussed in more de-
tail elsewhere.*

Attempts to quantify the risks and

benefits of UV radiation
6134

RAF for Erythema

as a function of SZA and Ozone

Assessments prior to 200 empha-

sized the risks of increased UV radia- = "
tion, and gave little attention to benefits. 550
However, in recent years there has been 500
increased awareness of possible benefits.
Therefore, future reductions in UV irra- 450
diance as the ozone layer recovers may — _ 440
not necessarily be beneficial in some 3
regions, particularly if ozone returns to § -
higher levels than prior to the 1980s. 300
Significant reductions in UV could have
implications for human health, and pos- e
sibly other environmental effects. For 200

human health, the main beneficial effect
of UV radiation is through inducing the
synthesis of vitamin D in the skin. Bal- 100
ancing the risks and benefits of solar UV
radiation has become a challenge for
policymakers and health advisors.

= i
0 1M 20 30 40 S50 60 70
SZA (deg)

80 90

Fig. 1-7. The RAF for erythema,* calculated as a function of

The most important determinant solar zenith angle and total ozone column amount.

of UV radiation at Earth's surface is the
path length of the radiation through the atmosphere. Consequently, differences in sun angle are
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responsible for large latitudinal and seasonal variations in both beneficial and harmful UV. These
changes differ in magnitude, depending on the relevant weighting functions. Compared with the
action spectrum for erythema® which is used to calculate the UV, the action spectrum for vitamin
D production® is confined more to the UV-B region (see erythema and pre-vitamin D curves in
Fig. 1-6). This affects the seasonal and diurnal variability. Thus at mid latitudes, the UVI at noon
in winter is typically 1, which is only about 10% of its summer value. On the other hand, vitamin
D-weighted UV radiation shows a summer/winter contrast that is approximately twice as large as
that for UVL In each case, the weighted irradiances decrease at higher latitudes, and the ratio be-
tween summer and winter values increases rapidly. Daily doses show more marked seasonal varia-
tions than peak noon values due to the longer daylight periods in summer and shorter daylight pe-
riods in winter.

Because of the success of the Montreal Protocol, increases in UV-B radiation due to ozone
depletion have been modest in most populated regions of the world (i.e., outside the regions af-
fected by the Antarctic ozone hole). Thus wintertime deficiencies in vitamin D production in mid
and high latitude regions are unlikely to have been ameliorated (See Chapter 2). Monthly climato-
logical maps of the mean vitamin D-weighted UV radiation incident on a horizontal surface, and
various other biological weightings, are now available,”” and methods have been devised to esti-
mate vitamin D-weighted UV from measurements of erythemal irradiance.*” * In many cases the
biologically-relevant dose may differ appreciably from that on a horizontal surface. For non-
horizontal surfaces the winter dose is increased significantly compared to horizontal surfaces, par-
ticularly under conditions of high surface albedo.” It should also be noted that the action spectra
for the production of vitamin D and erythema published to date have large uncertainties, and may
require revision in the future.”’ Both of these weighting functions include an arbitrary normalisa-
tion, so their magnitudes should not be interpreted in terms of direct health consequences.

The effective dose of vitamin D-weighted UV over 60 min around local noon has been
calculated from spectral measurements at three European stations.”” Seasonal and latitudinal dif-
ferences between sites are very large (see Fig. 1-8). In summer, these noon doses at the lower lati-
tude sites can be up to 250 times = ..
higher than in winter at higher lati- b By 59 S
tudes. For some skin types, optimal
vitamin D production is impractical
for some months, especially at the
high latitude sites. We emphasise
that there is large uncertainty in de-
termining the thresholds shown in
Fig. 1-8 (shaded area). These uncer-
tainties will likely be resolved as re-
sults from new studies become
available. o

= Jokiginen - #0.8°N

08

Dose for vitanan O productsan (ki m?)

1] a0 1) 120 150 80 110 240 770 300 330 360
Measurements of spectral By il yae

irradiance have been used to o ) .
Fig. 1-8. Average vitamin D weighted UV dose received on a

estimate the exposure times to : )

.. . horizontal surface exposed for 60 min centred at local noon at
optimize beneficial effects OfUV78 three sites. The shaded area represents the range of thresholds
while minimizing risks (Fig 1-9). equivalent to 1000 TU vitamin D production for 25% of skin ex-
These calculations are for radiation  posed according to'* for the full range of Fitzpatrick skin types

falling on a horizontal surface. For ~ (I-VD." Adapted from ref .

more realistic surface geometries,

the exposure times would tend to be longer at high UVI values (when the sun is high in the
sky), and shorter at lower UVI values (when the sun is lower in the sky). Generally, there is a
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wide margin between UV insufficiency and damage; however, this is not the case for low
UVI when little skin is exposed. Based on these calculations, for the present wintertime UV
irradiances at mid-latitudes (~45°N or S), sufficient vitamin D should be produced in less
than 1 hour of full body exposure. However, this result is inconsistent with earlier findings
that no vitamin D is produced at mid-latitudes in winter'*® and therefore suggests that there
may be a problem with the currently accepted action spectrum for the production of vitamin
D. The sensitivity of the vitamin D assay method for the earlier study'*® was rather low
compared with modern techniques and more work is needed to resolve these inconsistencies.
See Chapter 2 for further discussion on the vitamin D issue.

Exposure Times (for fair skin)
Erythema

Personal exposure to UV radiation <00

The exposure of an individual to UV 100 s—e—e Vit D: FacesHands
(personal exposure) can far exceed the g ::: gf i:z::::::‘lh '
thresholds recommended by health agen- 50 —— VRD: Fil boty -
cies, especially during summer vacation -

periods when the available daily dose re- % 20 UV Damage
ceived at mid-latitudes on a horizontal s T——
surface can exceed 70 standard erythemal z 3

doses (SED).” Even in Antarctica, where E sF

the sun elevation is smaller than at lower = E

latitudes, UV exposures can approach that sk

value. This is partly because of low ozone Insufficient UV

amounts and partly because of the long 1 i
length of day and high surface albedo. A as = i { | | i i
study of UV exposures of expeditioners y 2 4 6 8 10 12 14
on Antarctic resupply voyages was per- uvi

formed using pqusulphone dOSImetry Fig. 1-9. Indicative exposure times for skin damage or for
over the summer, including the period of  sufficient vitamin D production as functions of UVI, where
the springtime Antarctic “ozone hole”.  “sufficient” vitamin D production is taken as the time re-

The median measured daily exposure was quired to receive a dose equivalent to 1000 IU. The latter

0 times depend on the area of skin exposed and both depend
3.2 SED and about 80% of the workers on the skin type. The curves are for fair skin (for which it

received more than the occupational ex- has been assumed that 1 Minimum Erythemal Dose (MED)
posure limits. At one of the sites (Casey, =250 m™). For highly susceptible individuals, the times
66°S), peak UVI values sometimes ex-  for erythema could be shorter, while for darker skins these
ceeded 12. Some workers also reported times could be up to ~5-times longer. Adapted from ref ’®.

mild erythema.*

The UV radiation received by an individual may be expressed in terms of the exposure ra-
tio (ER) of erythemally-weighted dose received by a given part of the body and the available am-
bient dose incident on a horizontal surface. These ratios are usually expressed as percentages:

ER =100% x ED,/ ED,

where ED, is the ambient erythemal dose, in SED, received on a horizontal surface (1 SED = 1
Standard Erythemal Dose = 100 J m™ of erythemally weighted irradiance),” and ED, is the per-
sonal dose received by an individual, based on a measurement at a representative anatomical site.
While this is a valid quantity for assessing skin damaging effects such as erythema, in other cases
(e.g., for assessing vitamin D production), a further scaling would be necessary to account for the
proportion of uncovered skin.
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Exposure ratios depend on lifestyle, but are usually very small. This may be beneficial for
preventing skin damage, but may be detrimental for maintaining optimal vitamin D status.

A comprehensive study in Germany using polysulfone UV dosimeter badges concluded
that the ER varies greatly between the anatomical body sites tested, but is typically ~2%.%* In two
studies in New Zealand using electronic dosimeters, an ER of ~5% was measured for primary
school children,"" and only reached ~20% for the population subset of outdoor workers.*” Another
study in Denmark using electronic personal UV dosimeters,” appears to refute the widespread be-
lief that most of our lifetime cumulative UV dose is received during childhood.'*®

However, in some population groups, exposure ratios can be much larger. A recent study,
using polysulfone UV dosimeter badges, reported no significant differences in solar UV exposure
on a specific anatomical site (chest) among three groups of Italian sunbathers: (1) healthy sun-
tanned people, (2) healthy non-suntanned people and (3) people affected by abnormally high sen-
sitivity to solar exposure.''” The mean ER reported in the study was ~20%, and ranged from ~10
to ~40%. Another study, by the same group, on skiers at a high albedo alpine site found even
higher ER values on the forehead, with a median ER of 60%, and sometimes even exceeding
100%.""® However, large ER values are the exception rather than the rule for the wider population.

Prior to the industrial revolution, and especially before the widespread introduction of
glass windows, these exposure ratios would have been much larger. For the glass material used in
typical windows, the transmission falls below 10% for wavelengths less than 310 nm. Consequent-
ly, only 5-10% of sun-burning UV radiation and an even smaller fraction of vitamin D-weighted
UV radiation are typically transmitted. However, the resulting reductions in UV exposure may
have been negated by changes in clothing habits and the fashion to be tanned. In recent years, there
has been a further trend towards more indoor vocational and recreational activities in everyday
life, punctuated with only occasional exposures to high UV irradiances, for example during vaca-
tions.** To circumvent the difficulties in monitoring UV exposures, attempts have been made to
develc;g) behavioural models for estimating exposure to UV radiation for different population
types.

Gaps in our knowledge

At the present time, there are few reliable satellite-based measurements of atmospheric ozone,
which are needed to estimate global patterns and variability in UV radiation. A continuation of
reliable measurements - without gaps - is vitally important. Most current satellite sensors for esti-
mating surface UV radiation do not adequately probe the lower troposphere (altitudes below ~
Skm), so the method for deriving surface UV radiation is rather insensitive to changes in pollution
in the boundary layer of the atmosphere.

Despite the few attempts to reconstruct past UV records, there is a large gap in our
knowledge of past changes in UV on a global scale, and in particular, the changes resulting from
decreasing ozone over the latter part of the 20™ century, especially prior to the satellite era.

Projections of future changes in UV radiation are uncertain, due mainly to the complexity
in the projections of cloud and aerosol changes. It is therefore important to maintain a geograph-
ically wide-spread network of high-quality ground-based UV spectral measurements to determine
whether the measures taken under the Montreal Protocol are effective in moderating UV radiation,
and whether future model predictions are consistent with observations. Our ability to predict future
changes in UV is limited by our inability to accurately predict future changes in clouds and pollu-
tion. Even if we were confident about changes in cloud cover, we are still limited in our ability to
model their effects realistically. The inclusion of stratospheric processes (chemistry and circula-
tion) in climate models would lead to more accurate predictions.
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Knowledge about the ranges of both beneficial and detrimental effects of UV radiation is
still incomplete. For many biological processes, including skin cancer or vitamin D production in
humans, our ability to assess biological impacts is limited by incomplete knowledge of the rele-
vant action spectra and the geometric conditions of exposure. Even the widely-used action spec-
trum for erythema is an idealization which may be inappropriate in many cases.

Finally, although the main focus of this assessment is on the long term effects of ozone de-
pletion, it is noted that ozone can also change over much shorter time scales,” ''" '** and the bio-
logical impacts of the corresponding changes in UV may also be important. It is not known
whether the frequency and severity of these events will change in future as a result of climate
change. In many cases (including erythema and vitamin D production), threshold effects, recovery
times, repair mechanisms, and linearities of the effects are not well established. Knowledge of rec-
iprocity of effects is incomplete. For example, is the effect from an exposure to UV for a given
period always equivalent to that from a UV source of one tenth the strength with an exposure peri-
od 10 times as long?
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Chapter 2. The human health effects of ozone depletion and in-
teractions with climate change
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Summary

Depletion of the stratospheric ozone layer has led to increased solar UV-B radiation (280-315
nm) at the surface of the Earth. This change is likely to have had an impact on human expo-
sure to UV-B radiation with consequential detrimental and beneficial effects on health, alt-
hough behavioural changes in society over the past 60 years or so with regard to sun exposure
are of considerable importance. The present report concentrates on information published
since our previous report in 2007.

The adverse effects of UV radiation are primarily on the eye and the skin. While so-
lar UV radiation is a recognised risk factor for some types of cataract and for pterygium, the
evidence is less strong, although increasing, for ocular melanoma, and is equivocal at present
for age-related macular degeneration. For the skin, the most common harmful outcome is
skin cancer, including melanoma and the non-melanoma skin cancers, basal cell carcinoma
and squamous cell carcinoma. The incidence of all three of these tumours has risen signifi-
cantly over the past five decades, particularly in people with fair-skin, and is projected to
continue to increase, thus posing a significant world-wide health burden. Overexposure to
the sun is the major identified environmental risk factor in skin cancer, in association with
various genetic risk factors and immune effects. Suppression of some aspects of immunity
follows exposure to UV radiation and the consequences of this modulation for the immune
control of infectious diseases, for vaccination and for tumours, are additional concerns. In a
common sun allergy (polymorphic light eruption), there is an imbalance in the immune re-
sponse to UV radiation, resulting in a sun-evoked rash.

The major health benefit of exposure to solar UV-B radiation is the production of vit-
amin D. Vitamin D plays a crucial role in bone metabolism and is also implicated in protec-
tion against a wide range of diseases. Although there is some evidence supporting protective
effects for a range of internal cancers, this is not yet conclusive, but strongest for colorectal
cancer, at present. A role for vitamin D in protection against several autoimmune diseases
has been studied, with the most convincing results to date for multiple sclerosis. Vitamin D
is starting to be assessed for its protective properties against several infectious and coronary
diseases.
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Current methods for protecting the eye and the skin from the adverse effects of solar
UV radiation are evaluated, including seeking shade, wearing protective clothing and sun-
glasses, and using sunscreens. Newer possibilities are considered such as creams that repair
UV-induced DNA damage, and substances applied topically to the skin or eaten in the diet
that protect against some of the detrimental effects of sun exposure. It is difficult to provide
easily understandable public health messages regarding “safe” sun exposure, so that the posi-
tive effects of vitamin D production are balanced against the negative effects of excessive
exposure.

The international response to ozone depletion has included the development and de-
ployment of replacement technologies and chemicals. To date limited evidence suggests that
substitutes for the ozone depleting substances do not have significant effects on human
health.

In addition to stratospheric ozone depletion, climate change is predicted to affect hu-
man health, and potential interactions between these two parameters are considered. These
include altering the risk of developing skin tumours, infectious diseases and various skin dis-
eases, in addition to altering the efficiency by which pathogenic microorganisms are inacti-
vated in the environment.

Introduction

Depletion of the ozone layer has led to an increase in solar UV-B radiation reaching the
Earth®s surface, with many consequences for human health. These can be beneficial, such as
promoting the synthesis of vitamin D, or detrimental, such as inducing skin cancer and cata-
ract. It should be noted here that changes in human behaviour with regard to sun exposure
over the past 60 years or so have probably contributed much more significantly to alterations
in health risks than ozone depletion. Such changes, leading to an increase in exposure to so-
lar UV radiation, include the widespread perception that a tanned skin is desirable and an in-
dicator of good health, the huge rise in the popularity of sunshine holidays (and thus expo-
sures to different UV radiation environments) encouraged by inexpensive air travel, and the
wearing of minimal clothing and swimwear when air temperatures rise. Other changes have
led to a decrease in exposure to solar UV radiation, including fewer outdoor occupations and
more urban living. Climate change may also increase the vulnerability of the population to
UV radiation.

The present assessment focuses on the four year period from 2006 to the present, ex-
cept where some background information is included for clarity. It follows a similar format
to our previous report published in 2007.>** First the harmful effects of solar UV radiation on
the eye, the skin and the immune system are considered. Secondly the positive aspects of
UV-mediated endogenous production of vitamin D in protecting against several diseases are
discussed. A third section considers ways in which individuals can protect their eyes and
skin from solar UV radiation, and provides some cost-benefit analyses. The impact of toxici-
ty and air pollution resulting from new substitutes for the ozone depleting substances is dis-
cussed (with detail presented in an online supplement to this paper). A final section assesses
the sparse information available to date on the possible health effects of the interactions be-
tween climate change and ozone depletion. Changes in lower atmospheric air quality as a
result of UV radiation and climate change may also have health consequences, and this is
considered elsewhere (see Chapter 6).
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The effects of solar UV radiation on the eye

There is convincing evidence that UV radiation exposure is a risk factor for some types of
cataract, pterygium, pinguecula (conjunctival degeneration) and squamous cell carcinoma of
the cornea and conjunctiva. In addition, acute photokeratitis and photoconjunctivitis are
clearly UV-induced, and retinal burns can result from high intensity exposure, such as look-
ing directly at the sun. For other disorders including ocular melanoma and age-related macu-
lar degeneration, the evidence of a role for UV radiation is scanty and/or contradictory. Pre-
vious reports have reviewed the mechanics of UV-B irradiation of target tissues in the eye,*
and the two major effects of chronic UV radiation, pterygium and cataract,®” > as well as
effects on the cornea and conjunctiva.'” Here we update that evidence and focus further on
diseases where there remains uncertainty for an association with exposure to UV radiation,
particularly UV-B radiation.

Pterygium

Pterygium is an inflammatory, proliferative and invasive growth on the conjunctiva and cor-
nea of the human eye that can impair vision.”> Recent studies support an association be-
tween higher levels of sun exposure and development of both primary and recurrent (after
surgery) pterygium,284 but provide no information regarding the relative importance of UV-A
or UV-B radiation.

Previous work has implicated both dust and UV radiation in the pathogenesis of pter-
ygium.*> Support for the latter is indicated by the high prevalence in fishermen and sailors,
who are not exposed to dust, but to UV radiation that is scattered and highly reflected from
the sea, which can be up to 20% of the incident UV radiation.*® Furthermore, exposure to
scattered, rather than direct, UV radiation is more likely to irradiate the region of the eye
where pterygium is generally found. Indeed it has been suggested that scattered light may
expose the basal stem cells at the junction of the white of the eye and the cornea to increased
amounts of UV radiation, leading to mutations in tumour suppressor genes and the generation
of damaging reactive oxygen radicals.*> UV-B irradiation may also cause the release of pro-
inflammatory cytokines into tears bathing the mucosal surface, with resulting chronic in-
flammation and fibrovascular proliferation leading to pterygium formation.*”

Cataract

In the previous report™ we assessed the epidemiological evidence for an association between
exposure to UV-B radiation and the three main types of age-related cataract: cortical, nuclear
and posterior subcapsular. There is considerable evidence that UV irradiation is a risk factor
for the development of cortical cataract, with less evidence to support a relationship with nu-
clear cataract, although the timing of exposure may be particularly important for the latter.
The evidence for an association with posterior subcapsular cataract remains weak. There has
been little progress in this area. One study established an action spectrum for cataractogenesis
using cultured whole porcine crystalline lens,**' which was in good agreement with previous-
ly published action spectra for isolated lens epithelial cells and in vivo models. The peak ef-
fectiveness for the production of lens anterior subcapsular lesions occurred in the UV-B
waveband, around 290 nm (see Chapter 1, Table 1-2). More recent research has focused
largely on animal studies, examining mechanisms of UV-induced development of cataract. A
wide range of animals has been used, including mice and rats," **?'! rabbits''* '"* and guin-
ea pigs,”'* but none provides an ideal model for the human lens, and whether UV-A or UV-B
wavelengths are more important for cataract formation varies from species to species.
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Ocular melanoma

Limited evidence indicates that there may be a link between solar UV-B radiation and the
development of ocular melanoma. Such tumours include both external, involving the eyelid
and conjunctiva, and intraocular tumours, involving the iris, ciliary body and choroid (collec-
tively known as the uvea). The latter comprise the majority of ocular melanomas and are the
most common primary eye cancer in adults with a reported annual incidence per million of 6
in fair-skinned and 0.3 in dark-skinned individuals."’ Examples are shown in Fig. 2-1.

Although there is substantial lenticular transmission of
UV-B radiation in childhood, this decreases with age
so that, in adulthood, uveal melanocytes are exposed to
only a small amount of UV-B radiation.”> This sug-
gests that exposure of external and uveal melanocytes
to UV-B radiation, at least in adulthood, is different.
One study showed that higher exposure to UV radia-
tion in the first 20 years of life is a risk factor for ocu-
lar rnelanoma,327 while others have demonstrated an
increased risk in relation to light-coloured irides, pre-
vious photokeratitis (due to welding or snow blind-
ness), exposure to sunlamps, and wearing sunglasses or
hats (interpreted as indicating photosensitivity).'*> >’
282,398 quch evidence supports exposure to UV radia-
tion as a causative factor in ocular melanomas, but epi-
demiological data suggest that the effects may be con-
fined to external tumours.” For example, the age-
standardised incidence of conjunctival melanoma in-
creased more than 7-fold in Swedish men and women
between 1960 and 2005, with the increase confined to
tumours of UV-exposed conjunctiva (rather than the
tarsal conjunctiva lining the eyelid). In contrast, the
incidence of uveal melanoma is stable or even declin-
ing.>’”" In the non-Hispanic white population in the
USA (1992-2002), there was an inverse latitudinal gra- .
dient in the incidence of conjunctival melanoma (2.5- Fig. 2-1. Intraocular malignant melano-
. . ¢ : ma: (A) an amelanotic iris melanoma with
fold increase from 47-48° to 20-22° latitude, i.€. in- pytrient blood vessels, causing a rolling
creasing incidence with higher ambient UV radiation), out (ectropion) of the pigment layer and
but decreasing risk of uveal melanoma with decreasing distortion of the pupil, and (B) a dome-

latitude (higher ambient UV radiati 01’1).372 shaped choroidal melanoma WiFh mottled
appearance (photographs supplied by Dr

. A. Cullen, University of Waterloo, Cana-
Age-related macular degeneration da).

L ’
yee g

Age-related macular degeneration (AMD), also called

age-related maculopathy, is the most frequent cause of loss of vision in humans living in de-
veloped countries. This retinal disease is most commonly the non-exudative (dry/atrophic)
form, but the more severe exudative (wet/neovascular) form can also occur (see Fig. 2-2).
The aetiology of AMD is unclear but is thought to involve both genetic and external factors,
such as solar UV radiation. In animal studies, reactive oxygen species generated as a result
of UV-induced changes can damage the retinal pigment epithelium, leading to degeneration
of photoreceptors of the neural retina and the development of AMD.'*
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AMD is significantly more common in higher ambient
UV radiation settings or in population groups having
greater exposure to UV radiation, such as farmers and
fishermen.*” **> Higher sun exposure, assessed either
by questionnaire’” '®® or by facial wrinkling,"’ is as-
sociated with an increased risk of AMD, particularly
the exudative form. Furthermore, in an Australian
study, participants who had a history of sun-sensitive
skin (burning rather than tanning) had a decreased risk
of exudative AMD compared with subjects who had
average sun-sensitivity,”" an observation that could be
explained by the former subjects having had lower
lifetime sun exposure. These findings form a con-
sistent picture of support for UV radiation being a risk
factor, at least in exudative AMD. However, other
studies reveal no association between ambient UV ra-
diation or past sun exposure and AMD,** and no evi-
dence to support dependence on a specific wavelength
range. It is possible that any correlation between UV
radiation and AMD may be confounded by other fac-
tors such as variable genetic susceptibility or even blue
light which is capable of generating reactive oxygen

i Fig. 2-2. Age-related macular degenera-
Species. tion: (A) early dry form showing discrete
yellow spots (drusen) at the posterior pole
and mild retinal pigment epithelial chang-

The effects of solar UV radiation on the skin ¢ 24 (B) sudden onset wet form with
extensive macular oedema (fluid in and

behind the retina), suggesting underlying
Melanoma abnormal blood vessels (photographs

Epidemiology of melanoma. The annual incidence of supplied by Dr A. Cullen, University of

cutaneous malignant melanoma (CMM) varies geo- vaterloo, Canada).

graphically from between 5 and 24 per 100,000 in Eu-

rope and the USA”" 1> 2% to over 70 per 100,000 in higher ambient UV radiation regions of
Australia and New Zealand.®® **>*"> Even in locations with lower incidence, there are specif-
ic high-risk groups such as non-Hispanic white men older than 65 years in the USA, where
the incidence is greater than 125 cases per 100,000."”> In Australia, melanoma is currently
the third most commonly reported cancer in men and women overall, and the commonest in
women aged 17-33 years.” CMM is uncommon in individuals under the age of 20, although
an increase of 2.9% per year between 1973 and 2003 in the USA has been reported in a re-
cent review.'"’

Many studies in various countries indicate that the incidence of CMM has increased
by 1-3% per year over the past half century.’® ¢ 192220288 [y 4 few instances it has stabilised
over recent years,”® **° particularly in people younger than 40 years. For example, in Swe-
den, the previously rapid increase in the incidence of CMM in teenagers from 1973 levelled
off between 1983 and 1992, and since then has decreased.'”  This situation has been at-
tributed to intensive public health campaigns over the past 30 years or so advocating avoid-
ance of sunburn and seeking medical care promptly if pigmented skin lesions arise.”> ** 2%
298.35% The increasing incidence pertains particularly to thin (early) melanomas, with the in-
cidence of thick (late) melanomas relatively unchanged.*® ' 2% ¥ ‘Whether this is real or
an artefact of screening and diagnostic drift (in situ lesions not diagnosed previously as CMM
now being included) remains controversial.
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Mortality rates due to CMM, which increased in most European countries as well as
in North America, Australia and New Zealand in the 1980s, peaked around 1990 and, since
then have tended to be stable, for example in the USA,195 or to decrease, for example in
women in Northern Ireland.**® Any such reduction in the next few years will probably be due
to early detection and treatment rather than to primary prevention and changes in ambient UV
radiation.

The distribution of CMM varies by age and sex, probably related to different patterns
of exposure to the sun. Head and neck tumours are found particularly in elderly
populations,”” " *** and are thought to be correlated with chronic sun exposure, as indicated
by their association with solar keratoses,” **° considered as a marker of repeated solar UV
irradiation. In younger age groups, the highest rates of CMM occur on the trunk in males and
on the extremities in females.”’>*> Intermittent sun exposure and sunburn’® *% > in child-
hood® ' 2% and throughout adulthood®* '* are major risk factors.

In high ambient UV radiation locations, the development of pigmented moles (ac-
quired melanocytic nevi, AMN) in young children is very common,'*®*** particularly where
there is a combination of fair skin type with higher sun exposure and episodes of sunburning.
For example, only 8.3% of Brazilian children aged 2-8 years had no AMN.*** Waterside va-
cations in the USA were associated with a 5% increase in the number of small moles in chil-
dren examined at age 7 years, with a lag in the development of new moles of one year after
the vacation.**’

An important question for CMM in relation to stratospheric ozone depletion concerns
the wavelength dependency of initiation and development. Although an early study in the
Xiphophorus hybrid fish suggested a role for UV-A radiation,”™ this has not been supported
by more recent work in the same model*'? or in mammalian models, including the South
American opossum”® and several genetically modified mouse strains [for example "']. The
weight of evidence now supports UV-B radiation as critical to the initiation of melanoma,
although a contributory role for chronic exposure to UV-A radiation in the progression of
melanoma, through free radical formation or direct effects on DNA, is possible.**’

Genetic damage and risk of melanoma. Cancer is thought to result from mutations in
genes that control cell proliferation and migration/invasion into surrounding tissue. Mutations
in key genes in CMM have been identified; but there is a lack of characteristic UV-related
mutations in these genes and it is not clear whether and how they might be affected by UV
radiation.

In human CMM, the pathway involving Ras proteins is frequently activated, with
stimulation of cell growth, while the protein p16Ink4a, which acts as a tumour suppressor, is
frequently down-regulated. In parallel with epidemiological findings on risk from early life
exposures, and in contrast to an earlier study,’** a single exposure to UV radiation of new-
born mice deficient in pl6Ink4a induced melanomas in the adult animals, and a defect in
DNA repair (deficient XPC protein) further enhanced the formation of melanomas.*®

Recently, the entire genetic sequences of a cell line from a CMM metastasis and a
lymphoblast cell line derived from normal blood cells of the same person have been com-
pared. There was an astonishingly large number of mutations in the CMM cells (33,345 so-
matic base substitutions), the majority of which were typical of changes that accompany ex-
posure to UV radiation.”>* This titanic analysis unambiguously established that UV radiation
was the major cause of the mutations, at least in this CMM.
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Non-melanoma skin cancer

Epidemiology of non-melanoma skin cancer. Individuals in many countries continue to
experience significant annual increases in the incidences of the non-melanoma skin cancers
(NMSCs): basal cell carcinoma (BCC) and squamous cell carcinoma (SCC).*"** For exam-
ple, the incidence of BCC increased by 3% per year from 1996-2003 in the UK,*' and the in-
cidence of SCC increased four-fold from 1960-2004 in Sweden.”® The incidence of NMSC
in Australia in 2002 was five times greater than the incidence of all other cancers
combined.®®' In subtropical Australia, the incidence rate for people affected by a primary
BCC was almost the same as for those with multiple lesions, indicating that the disease bur-
den may be higher than is apparent from the usually cited incidence rates that rely on number
of people affected rather than number of tumours.”®* In some regions or subpopulations, the
increases in the incidence rates have slowed,”" '*® particularly in younger cohorts (<60 years
for BCC and <50 years for SCC),*" possibly related to the introduction of public health edu-
cational programmes. In some locations there is a change in the distribution of NMSC on the
body with an increase occurring on the trunk and upper arms. This has been attributed to the
fashion for intentional body tanning in recent years.”’ One study in the Netherlands found
that, between 1990 and 2004, an increasing proportion of BCC patients were in the high soci-
oeconomic status group, as defined by income and value of housing (with a concomitant de-
crease in the proportion in the lower socioeconomic status group).>>>

In most populations, SCC is about 2.2-fold and BCC about 1.6-fold more common in
men than women.'” This is possibly due to higher sun exposure in males who tend to have
more outdoor occupations and recreational activities, a larger area of skin exposed than wom-
en, and are less likely to use sunscreens.”™ >** However, recent animal studies also suggest
that there may be a biological gender bias in risk, possibly through protective effects of local
synthesis of estrogens that protect females against UV-induced photocarcinogenesis.™ 2% 3%

Exposure to solar UV-B radiation is well-recognised as the predominant environmen-
tal risk factor for both SCC and BCC.”*"* For SCC, cumulative life-time exposure, particu-
larly occupational sun exposure, is key.”>’ For BCC, the relationship is thought to be more
complex: in one study the risk of BCC on the head was especially increased in sun-sensitive
individuals, whereas BCCs on the trunk were more related to the number of reported sun-
burns rather than to general sun-sensitivity.”?’ One common location for BCC is the inner
canthus of the eye where the upper and lower eyelids meet. This is relatively sun-protected
by the nose, eyebrow ridge, orbit and the cheek bone, but UV radiation may be reflected from
the tear film, resulting in high dose exposure near the tear duct.

Genetic damage and risk of non-melanoma skin cancer. Several UV-B-specific mutations
are recognised in BCCs and SCCs,”” such as in the p53 gene and also in the PTCH gene of
BCCs."” A number of other UV-related genetic factors may also be important in NMSC
risk, but are less well-described. These include mutations in genes related to repair of DNA
damage® ™ 200 283 305342 3 d alterations in DNA methylation, where the latter is known to
promote UV-induced DNA damage and affect genes involved in the regulation of the cell cy-
cle and cell adhesion.””® "> #%3* Varjants of the melanocortin 1 receptor (MCIR) gene that
determines skin pigmentation and phototype, and variants in other pigment genes, have been
associated with BCC risk””*"" ! and various polymorphisms in genes related to UV-induced
immunosuppression and tolerance can affect the risk of BCC and SCC.* 22> %% 33! Finally,
variants in the gene coding for the vitamin D receptor (see “Immune and other effects of vit-
amin D” section below) increase the risk of NMSC''® and of solar keratosis,”' the precursor
lesion to NMSC.
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Effects of solar UV radiation on the immune system

Mechanisms of UV-induced immunosuppression

Immune responses fall into two broad categories — innate and acquired/adaptive. The former
responses are non-specific and act rapidly as the initial response to microbial challenge. The
latter responses are specific to each microorganism, and require, in many cases, that the anti-
gens are taken up by antigen presenting cells (often dendritic cells), processed and then pre-
sented to the particular T lymphocytes that recognise the antigen fragments. As a conse-
quence, these T cells are activated to proliferate and to secrete immune mediators. It was
recognised many years ago that exposure of mice to UV radiation can suppress adaptive im-
mune responses, " and that antigen-specific tolerance is induced, so that a further application
of the same antigen at a later date still does not lead to the generation of an immune re-
sponse.’' More recently, it has been demonstrated that UV radiation can downregulate al-
ready established (memory) immune responses.’> 2 **!  Furthermore, exposure to multiple
suberythemal doses of UV radiation from solar simulated lamps, to mimic what might occur
during the summer months, does not lead to any protection against the immunosuppression
developing, despite most people responding to such chronic irradiation by tanning and epi-
dermal thickening.**°

The mechanisms involved are complex and are summarised in Fig. 2-3. Details can
be found in recent reviews.” > " *** The main points are that DNA and trans-urocanic acid
in the epidermis act as important chromophores to initiate the immunosuppressive pathway
and that a particular subset of T cells, called T regulatory cells, are induced at the end. On
stimulation, these produce the immunosuppressive cytokine, interleukin (IL)-10, and develop
and maintain immune tolerance. They also suppress the activation, cytokine production and
proliferation of other types of T cells which are involved in immunostimulatory functions.
Various aspects of UV-induced immunosuppression that affect human health are outlined be-
low, starting with viral and bacterial infections and vaccination, followed by the skin cancers,
and ending with the “sun-allergy” disease, polymorphic light eruption (PLE).

UV radiation
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subjects is limited at Fig.2-3. Summary of steps leading to suppression of cell-mediated immunity

present to two viruses, following UV irradiation.
namely herpes simplex
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virus (HSV), which causes cold sores, and human papillomavirus (HPV), which commonly
causes warts. It is possible that other human infections may be affected but have not been
investigated as yet.

Viral infections. Aspects of the reactivation of HSV from latency following exposure to so-
lar UV radiation were outlined in our previous report.”>> In brief, the viral genome is main-
tained in nerve tissue following the primary infection, and UV radiation is a common stimu-
lus for its reactivation, release from the nerve tissue, and subsequent replication in the epi-
dermis. There is probably a direct interaction between the latent HSV and UV radiation, pos-
sibly via damage to nerve endings, which leads to the activation of promoters within the viral
genome. In addition, temporary UV-induced immunosuppression in the local skin site will
occur, allowing replication of the virus and development of the ,,cold sore” before immune
control is regained.

For HPV, two interactions between solar UV-B radiation and the virus will be dis-
cussed here. First, the most common de novo malignancy arising in organ transplant recipi-
ents (OTR) is skin cancer: SCC occurs 65-250 times, BCC 10 times and CMM 6-8 times
more frequently than in the general population. In OTR, persistent warts caused by HPV in-
fection, cutaneous SCCs and their precursor lesions (actinic keratoses) arise mainly on sun-
exposed body sites, leading to the conclusion that solar UV radiation is the major environ-
mental risk factor for SCC in such patients. Up to 90% of SCCs from OTR contain HPV
DNA.** ' HPV, UV radiation and the immunosuppressive drugs interact to promote the
tumourigenesis. For example, UV irradiation of the skin not only induces local immune sup-
pression by the mechanisms outlined in Fig. 2-3, but certain HPV types can express proteins
that interfere with the normal response of the cell to UV irradiation, such as the repair of
DNA damage and the removal by apoptosis of cells with DNA damage.'®* 2°% 3% 3% Cyclo-
sporin A, until recently the most commonly used immunosuppressive drug in OTR, also in-
terferes with the mechanisms involved in the repair and removal by apoptosis of cells with
UV-induced damage to DNA.*” Hence, the end result is the selection and accumulation of
cells with altered phenotype, leading to skin cancer. Conversely, other newer immunosup-
pressive drugs such as sirolimus may reduce the risk of skin cancer.'®’

Secondly, HPV infection appears to be involved in SCCs in healthy (immunocompe-
tent) subjects. As in the OTR, the SCCs arise on areas of the body exposed most frequently
to sunlight, such as the face and backs of the hands. A higher prevalence of DNA of certain
HPV types (beta-HPV species 2) is found in SCCs than in uninvolved skin from the same
subjects or in controls."" The same HPV types are associated with SCCs located on body
sites most exposed to the sun.'” A population survey of workers in Australia with and with-
out a history of frequent sun exposure found that the prevalence of the DNA of cutaneous
HPV was significantly higher in the forehead skin in individuals who spent more time out-
doors and in those with a history of skin cancer.”’ Indeed, the risk of cutaneous HPV infec-
tion increased with the length of time spent working outdoors. Multiple HPV types were
more common in individuals frequently exposed to the sun, a finding attributed to UV-
induced immunosuppression. Possible interactions between the mutagenic and immunosup-
pressive activity of the UV radiation and the properties of the HPV types found in some
SCCs are likely to be very diverse and are not elucidated at present, although, as outlined
above, the viral proteins that are anti-apoptotic